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A general investigation of the effects of thermal
metamorphism on isotopic mineral ages has been carried out.
The diffusion rates of radiogenic argon have been determined
by mass spectrometric measurements. The diffusion rates of
argon in feldspar were determined both by this mass spectro-
metric method and by a radioactive argon 41 counting method.
The difference between the two methods was marked, and suggests
a limited usefulness for data obtained by radioactive argon
counting techniques. The existence of two or more radiogenic
argon phases in each mineral was established. The effective
diffusion radius for argon in hornblende was shown to be fif-
teen times smaller than the average physical grain size. Mus-
covite heated in vacuum gave an argon diffusion coefficient
80% higher than muscovite heated under one kilobar of water
pressure.
K-Ar ages on muscovite from a metamorphic area were
found to be proportional to grain size. Prom the diffusion
results obtained on this muscovite, a mininum temperature of
4000 C can be assigned to the metamorphism.
Rb-Sr, K-Ar and U-Pb analyses of biotite, feldspar,
hornblende, whole rock, and monazite samples from two contact
metamorphic zones show age discordancies which can be related
to parameters of the contact metamorphism. The shape and dis-
placement of the various "mineral age" versus "contact dis-
tance" curves can be related to the relative daughter product
diffusion parameters of the minerals. A simple model is pre-
sented which interprets discordant age patterns in terms of
time, temperature and the mineral diffusion parameters.
Hornblende was shown in the contact study to have excel-
lent argon retentivity. To test the general applicability of a
hornblende K-Ar method, ten hornblendes and three pyroxenes,
ranging in age fron 100 ,r.y. to 2600 m.y., were analyzed for
K and Ar. The calculated ages are in excellent agreement
with ages determined by other method s on associated minerals.
The average potassium content of these hornblendes suggests
that most hornblendes of 7aleozoic age or older can be ac-
curately dated by the K-Ar method.
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PART I
S*§Me Diffsion Measurements Rilatin
tol the K-Ar Dat&S Meh
Abstrast
The diffusion rates of argon in Smusovite, horblende
and pyroxene were determined by mass speetrmetric measure-
ment of the natural radiogenic argon released during isothermal
heating. Diffusion rates of argon in a feldspar were determined
both by this mass spectrometric method and a radioactive
argon 41 method. The difference between the two methods
was marked, and suggest a limited usefulness for data obtained
by radioactive argon counting teoques. The existence of
two or more argon phases in each mineral was established.
The efftetive diffusion radius for argon in a hornblende was
shown to be 15 times smaller than the average physical grain
size The diffusion coefficients for argon in muscovite
heated in vacuum, and ader 1 kilobar water pressure, were
only 80% different . K-Ar ages on muscovite from a metamorphi
area were found to vary in proportion to the grain size. From
the diffusion results on this muscovite, a mnlnmm temperature
of 400 C can be assigned to the metamorphism,
Introduction
In the past five years over fifteen papers have been
published dealing with the diffusion of argon in natural
minerals. There is very little general agreement between
different investigators, qualitative or quantitative. Many
I_ _ _~_^__ _I_ _ _~_ I _I I~ II_
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basic questions remain unresolved and the existenoqbf such
disagreement makes any geologic application of the data
meaningless.
The results of some diffusion measurements made on
muscovite, feldspar, hornblende and pyroxene are reported in
this paper. They are admittedly incomplete but serve to
define some of the basic issues involved in the application
of argon diffusion data to geologic systems.
Procedures
Two different meth were used. One involved the
artificial production of argon 41 in potassium minerals by
fast neutron irradiatlon, followed by counting measurements
of the time-dependdent discharge of radioactive argon during
isothermal heating. The other involved mass spectrometric
measurement of the natural radiogenic argon discharged from
the minerals during isothermal heating.
Radiattive Arson Experiments
Eleven grams of orthoclase perthite from Massey,
Ontario were sealed in a Plasticene tube and irradiated for
ten minutes with fast neutrons in the M.I.T. cyclotron. The
activity was allowed to decay for two hoers then the sample
was transferred to an Inconel tube and sealed on to a vacuum
system. The externally heated Lnconel tube was brought to a
temperature of 7950 C in 15 minutes. The temperature was held
at 79510o C and the released activity measured with an external
G-M tube surrounded cylindrically by a glass counting
twi. The counting volume was shielded with two to four
inches of lead brick and the background counting rate was
about 50 op. The gas activity during the run varied from
background to 600 cpu. The background counting rate was
checked periodically by pulling the gas out of the counting
Volume onto liquid nitrogen cooled charoalo After 80 minutes
of heating at 7950 the temperature was increased to 10400
and heating continued until the decay rate equalled the
diffusion rate.* The sample was then fused I insure complete
8lease, and the decay of the activity followed for two hours
to dems trate that the activity was argon 41. Ex apolat ion
of this final decay ourv to  ime zero allowed computation
of the fractional amount of argon released at a ny given time,
The appart used for these measurements consisted
of a Kanthal wound furnaoe which was enclosed in a water
Jacketed bell jar and connected to a high vacuum purification
traln. A sample charge of two to ten grams, contained in an
alundum crulw ble, was placed in the furnace and the furnace
evacuted overnight The saples were outgassed for soveral
hours at 250 to 350 C. The furnace was then Isolated from
the pumps, about X10*5 CC stp of enriched argon 38 was
added, and the temperature raised as quickly as possible to
the desired level. As soon as this temperature was reached, a
cut of the gas in the furnace Was obtained by expansion into
a large volume. The bas remaining in the fturnie was pumped
out (one to two minutes), another spike added and collection
continued. The furnace temperature was taintained during all
these procedures. The out of gas in the expaison volume
was purified on hot copper oxide and titanium. The isotope
ratios were measured with a Reynolds-type glass tube mass
spectrometer which is connected to the purification system.
All suceeding sample cuts were measured in the same way.
Heating was continued for twelve to thirty-six hours, with
from four to six 'ts of gas measured,, The sample was finally
fused to release the remaining argon and this was purified
and measured as above,, The temperatures were held constant
to within ten depres, and the pltinum and platinum-10%
rhodium theraicot#es frequently calibrated at the melting
point of pure copper. The accuracy of the radiogenic argon
mesurtments varied fromt *$ to perhaps ±50%, depending on
the amount of air contamination. The air corrections were
50 to 90% for the muscovite runs, 3 to 50 for the feldspar
runs and 30 to 98 for the hornblende runs.
Treatment of Data *
The cunlative fraction of argon released for each
heating interval was omtpted. Then for each value of P
a corresponding value of Bt was calculated from
where 7t = T t A s fLC-e c-aas of ' ?4lerc.
-1
' - )
* See also Page 119.
X_ ~_ _ ~ _ _ _~ I II~
This is the solution of Pick's law for difftus on froS a
homaogeneous ahere with initial unif6m Ooncentration of argon,
an unform concentration of argon at the surface at all
times (taken equal to zero). The equations for diffusion
frosv a opilnder or a slab could be used with equal facility
and Ju tiflcation. Reichenberg (1953) gives a tabulation
of numerical values for the spherical diffusion equation
solution.
The values of St detemined frwm equation 1 were
plotted versus time on linear graph paper. Por diffusion of
argon at a single value of the diffusion ooefficient the
experimental points should fall on a straight line intersecting
the originj the s]pe of the line being proportional to the
diffusion ooefficient of the argon. Rowever, the experimntal
values were found to invariably define two or more intersect-
ing straight lines,. This was interpreted (after Gerling,
1957, and Amirkhanov et al., 1959b) as independent diffusion
of two or more argon phases, 4tch with a characteristio
activation energy, In order to caleulate a diffusion coef-
ficient for a given straight line segmnt an extrapolation
and subtraction of the argon from the pre eding and the
following segments must be made. By successive corrections
the diffusion coefficient for oeach argon phase can be calaulat
as well as the proportion of argon making up each phase.
Identifiation of the various phases at each temperature can
be pnaL from this proportion of total argon that they repre-
sent The experimental ourves are oonsistent with this inter-
pretation of non-coupled volume diffusion from different
structural sites. However, this interpretation could not
be proven unique.
Results
The analytical data for the diffusion runs is tabulated
in Tables 1 to 3 and plotted as values of Bt versus t in
Figures 1 to 5.
Feldspar Rests
Orthoclase crypto-perthite from Massey, Ontario, with
a median grain size of about 200 microns, was used for both
radioactive and radiogenic argon diffusion measurements. The
radioactive argon 41 results are shown in Fig. I, the radiogenic
argon 40 results are shown in Flg. 2. Segment A in Fig. 1,
7950 and 10400 C, shows loss of argon at a single value of
the diffusion coefficient. Segment B cannot be assigned to
diffusion from a second site, as this can only take place
with a smaller value of B (slope). The segment B must be re-
lated to a change, or changing of structure and could be
caused by mixing of the two phase feldspar. However, the
absence of a similar increased slope br the radiogenic argon,
Fig. 2, indicates that segment B is probably related to effects
caused by the neutron irradiation, rather than a homogenizing
of the perthite. As a test of possible mixing, samples of
this feldspar were heated at 80100, 90o and 10500 C for times
up to forty-five Mirutes. X-ray diffraction measurements of
Tablel
Analytical Data for Feldspar Diffusion Runs
Temp. oC. Cut No. t (min. )
Fraction
of Total
ARdiogenic
Ar u (cc stp/g)
Bt
(spherical)
300-810 1
815 2
815 3
815 4
815 5
1110 Fusion
2 gram sample
400-940 1
960 2
960 3
960 4
960 5
960 6
1120 Fusion
-10 gram sample
35
82
238
378
638
(30)
19
75
184
330
584
1318
(30)
1 .40x10 4
0.360
0.210
0.0966
0.131
2.58
1. 40x10 - 4
1.76
1.98
2.07
2.20
4.78
relative ratios measured
only - no absolute stan-
dard used.
0.293
0.368
0.413
0.433
0.461
1.0
0.450
0.525
0.620
0.,37
0.885
1.0
0.088
0.147
0.191
0.214
0.247
0.234
0.340
0.522
0.798
1.32
1.67
Tem'D, 0C. Cut-No* rr
Table 2
Analytical Data for Hornblende Diffusion Runs
M mn O Cut No. Zt(min.)
&8diogenic
Ar (cc stp/g) Ar40orSAr
Fraction
of Total
Bt
(spherical)
300-650
645
645
645
845
1150 F
8 gram sample
200-855
870
870
870
870
870
1140 F
6 gram sample
300-840
855
855
855
855
1130 F
4 gram sample
usion
1
2
3
4
5
6
usion
1
2
3
4
5
usion
60
326
1261
1603
1723
(20)
30
152
309
384
586
1466
(16)
50
140
244
354
697
(14)
-6
1.0x105
0.116
0.295
(o.180
0.258
62.9
2.70x10-
6
0.257
0.492
0.120
0.697
1.00
56.5
2.19x10-
6
0.292
0.356
0.0372
0.830
57.1
-6
1.05xlO
1.17
1.46
4 1.64
1.90
64.8i~r-6
2.70x10
6
2.96
3.45
3.57
4.27
5.27
61.5
2,lqlO-62.19x10-6
2.482
2.838
2.875
3.705
60.8
0.0158
0.01753
0.0220
(0.0246
0.0388
1.0
0.0439
0.0481
0.0561
0.0580
0.0694
0.0855
1.0
0.0360
0.0408
0.0467
0.0472
o,o0.0610o
1.0
0.000215
0.000265
0.000417
<(0.000522
0.00133
0.00171
0.00204
0.00281
0.00300
0.00433
. 00660
0.00115
0.00147
0.00193
0.00197
0.00332
L-. .~~
Table 3
Analytical Data for Muscovite & Pyroxene Diffusion Runs
Temp. oC. Cut No. .t(min.)
8diogenic
Ar (cc stp/g)
0-270 1 (40)
270-600 2 142
615 3 524
615 4 1329
615 5 1995
615 6 2865
1190 Fusion (30)
2 gram sample - muscovite
230-755 1 65
750 2 145
750 3 265
750 4 509
750 5 781
750 6 1381
1200 Fusion (30)
2 gram sample - muscovite
250-890
905
910
1190 Fusion
36
249
581
(10)
4 gram sample - pyroxene
* value obtained in previous
correction on Cut No. 3.
< 5x10 - 8
3.27x10o
5.40
2.98
1.81
0.84
86.7
1.52x10-5
1.00
0.779
0.677
0.715
0.848
5.33
1.52x10 - 6
4.30
(.145-.78)
2.32
3.27x10-6
8.67
11.65
13.46
14.30
101.0
1.52x10- 5
2.52
3.30
3.97
4.69
5.54
10.8
1.52x10 - 6
5.82(6.0-6.6)
9.23*
10.0005
0.0319
0.0846
0.114
0.131
0.139
1.0
0.140
0.231
0.303
0.365
0.432
0.510
1.0
0.165
0.630
(0.65-.715)
1.0
0.00087
0.00o64
0.0118
0.0159
0.0180
0.0183
0.0525
0.0949
0.144
0.212
0.316
0.0257
0.545
(0.594-0.78)
run used because of uncertainty introduced by large air
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the (Il) albite and orthoclase rtections indicated no
measurable change in composition.
The radiogenic argon curves of Fig. 2 indicate the
presence of three distinct argon phases. The calculated
diffusion coefficients and activation energies For the three
phases are presented in Table 4.
Table 4: Feldspar Diffusion Parameters
815 9. 0  Activation
Fra_. Fra- 2 Energy
Phase tion D/a2  tion D/a (per mole)
I 31% 5.6x10'5secl 32% 72.2x10-5se-
1
II -50% 2.5xlo0Tsec "  48% 3.2x10 6 se1 46 al
III not observed <20% <4.7xlo0 sec
The diffusion curves for radioactive argon and radio-
genic argon are basically different. There is no indication
of more than a single radioactive argon phase whereas there
are at least three radiogenic argon phases. Disregarding
radiogenic phaseI which does not represent true volume dif-
fusion, the diffusion coefficients of radiogenic phase II are
an order of magnitude smaller than the diffusion coefficients
of the radioactive argon. The activation energy is the same,
however, It would appear that the neutron irradiation has
Caused an increase of the diffusion coefficient of the radio-
active argon. This could be accounted for by the increased
* The term "activation energy" as used throughout this paper
is defined by the relation) D4rP9 -7/r), where Do and R are
constants, and Q is the activation energy.
number of defects, i.e. a decrease in the effective radius
for diffusion. Diffusion results obtained by neutron activation
procedures would seem to have little direct application to
natural # temns. Fechtig et al. (1960) measured the diffusion
coefficients of radioactive argon 37 in four calcium minerals.
They state, "since the series of measurements were reprodu-
cible several times, one can suspect that radiaton damage
effects do not occur to a large extent." Geological interpre-
tations based on this a priori proof are difficult to justify.
This one feldspar run represents the only diffusion
measurements made using radioactive argon 41. The method
was explored because of its inherent sensitivity but was dis-
continued for the reasons stated above. The following resuts
were obtained using natural radiogenic argon.
Hornblende Results
The sample used for these measurements was obtained
from an amphibolite layer in the Precambrian Idaho Springs
formation of Colorado. X-ray and microscopic examination re-
vealed no biotite impurity. The sample did contain a few
percent diopside. Two sizes were prepared by crushing and
sieving. One had a grain size of 140 to 300 microns, the
other a grain size of 44 to 53 micronus. The analytical data
(Table 2) is plotted in Figs. 3 and 4 as values of Bt versus
t. The low argon content of this hornbolende, coupled with
very small diffusion coefficients, resulted in low accuracy
for many of the measurements.
2.
The curves indicate the presence of at least two argon
phases, Phase I corresponds to a relatively rapid loss of a
few percent. It is not possible to rule out the exttence of
higher activation energy phases, since less than 8% of the
total argon was released d'uring any of the heatings. The
D/a 2 value determined fr the fine size sample at 8550 C 'was
only 50% higher than that determined for the coarse size
sample, while the two size fractions differed by a Actor of
twenty in their physical (a2 ) value. This is considered proof
that the effective radius for argon diffusion in this horn-
blende is less than 30 microns, The average physical radius
measured in thin section is aat 500 ticrons. Tabe 5 sw-
marizes the diffusion parameters for this horablende,
Table 5: Hornblende Diffusion Parameters
6450 8550 Fine 8700 coarse
Fraction in
Phase 1.4% 2.3 3.3%
D/a 2 phase I >4.8x10 see1 >2.6x10 see 2.6x10o see-1
D/a2 phase II 7,.Axl0 1sec-1 2,8xlO'9sec -1 3.6xlO 9sec'l
Aqtivation Energy, phase I -15 Keal/mole, phase II ,'34 Kcal/mole.
Musoovite Results
Results of an age variation versus grain size study
of a muscovite from Clarendon, Vermont are reported in the
next section. The 74-140 micron size fraction of that suite
was used for these diffusion measurements. This sample contained
24.
about 10% calcite and chlorite, impurities. The analytical
data is presented in Table 3 and plotted in Pig. 5. Three
argon phases are distinguished. The first phase does not
exhibit the rapid lose which is characteristic of phase Z in
the feldspar an*ornblende. The first two phases are unresolved
in the 7500 C run. Table 6 sumarzies the diffusion parameters
measured for muscovite.
Tabl 6t "ssovite Dittualo Parameters
65 c - 75 C Activatiton
Frac- - 00- 1nrPhae tion n/a . tion ./a (.. r mole)
1 9% 2,,4 e "7 764c . lT
8 -.1 173 %6.4x.o se) Tr; 47 Keal11 30 1.0 c0 se5
Iii < 3.1xlO'Se-"  70% 3.4x10' T se" 1  63 teal
Hydrots minerals heated under vacuum are 4arly unstable.
Before argon diffusion results on hornblende, masvovite, etc.
can be used to interpret geologa phenomena, the effect of
water loss in vacnum should be established. Everaden et al.
(1960) found that the diff~ion coefficients me.sured for
argon 4lauconite heated under vacuum were 1000 times larger
than for argon in glauconite heated under 1000 to 10,008 p.sa .
water pressure. To test muscovite in the same wayj a two gram
charge was heated in a Tuttleype cold seal bomb under I
kilobar water pressure. The temperature was held at 710° C
for seventy-two ho* and the argon remaining at that time
extracted and measured. The sample was found to have lost
39 of its argon during this ratment, compared to aproximCtely
^~ __~I __I_
552 loss for camparable vacuum heating. This corresponds to
a difference of 80 in the diffusion coefficients. The dif-
ference between this and the factor of 1000 observed by Evern-
den for glauconite probably reflects the greater stability of
muscovite with respect to water loss, The magnitude of this
effect is not predictable though, and diffusion data obtained
on hydrous minerals in vacuo cannot be given direct geologic
application. The data is valid only as a mnaim limit.
Pyan Retsuits
To test the retentivity of pyroxene for argon, ample
of pure xroxane from the Sudbury gabbro was heated at 9050 C
for ten hours, The grain sise of the sample was 140 to 300
microns. The analytical data is given in Table 3. The argon
occurs in at least two phases. The first phsX contains 45%
of the total argon and gives a D/a2 value of 4 x 10 seC" .
The second phase has a D/a2 value of less than 2 x 10- 6 se
Disausston of Diffsion Resulta
The results of all the diffusion measurements are shown
plotted in rig, 6 as values of D/a2 versus 1000/ K. Straight
line Jo~nas between various temperatures are assumd though
there is no proof that the join is not Couved or even discontin-
uous. The slope of the oins is proportional to the activation
energy. Fig. 7 , -l C , shows a campaxison of this
data with data published by Amirkhanov et al. (1958, 1959a,bo,d).
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The agreement is excellent except for the hornblende points.
His horablende was from a pegmatite and it is possible that
the effective radius for diffusion was much SnAefCr. Regadbing
the number of argon phases and their relative proportions,
the data of this paper is also in general accord with that of
Amirhanov (above) and Gerling (1957, 1958). Evernden et al.
(1960) recognized only a ugle position for argon in phlogo-
pite, glauconlte and feldspar. Their data unfortunately was
obtained in such a way that it was impossible to resolve the
argon into phases. The knees which they observe in their D
versus 1lt curves are no doubt caused by these argon phases in
different activation states, as tre those observed by Fechtig
et al (1960). Both these investigators measured only a single
release of aron at each temperature. To.,.. properly resolve
the argon from different ites it is necessary to follow
the., complete release of argon at a jingle temperature.
Variation of Apparent Age with Grain Size
Diffusion loss of arngon n inerals is in part a
function of the term D/a2, where a is the effective radius of
diffusion. In some minerals the effective diffusion size may
be the same as the pysical grain size. The diffusion results
on hornblende, presented earlier, indicated a diffusion size
which was much smaller than the physical size. Evernden at al.
(1960) demonstrated the same thinj for sanldine. They also
suggested that micas might have a diffusion radius approaching
that of the physical radius, If so, the argon loss from
micas during a metamorPiism should depend strongly on the
grain size of the mica.
To test this possibility, maseovite from a Precambrian
marble which had undergone metamorphism during the Paleozolo
was separated on the basis of grain size and the age of each
grain size fraction determined. The marble was collected by
W. H. Pinson from the Pearea ount Holly series near
Clarendon, Vermont,. The marble was crushed and screened into
five size fractions. Muscovite was separated from these size
fractions by magntic and heavy liquid methods. Samplea~splits
for Rb-Sr analysis were washed in cold 6NQc1 for thirty minutes.
The ana tical data is presented in Table 7.
Table 7,st AnAalytical Data Woovite Grain Size Aalysn
Sample Grain (in 100 Ar h( (ppa *S
mer. sisx wt) 4 by wt
- 4mw-10m 8.26 2,67 0.96
c -10+20' 8.93 2.25 0.94
D -840 7.81 1.56 0.85
B "50+100 5,29 o.816 o.92 2T4 0.489 0.156
A. -100+200 6.26 1.02 0.82 282 0.485 0.~40
Radiogenic
The oalculated ages and the estimated median grain radii are
given in Table 8.
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Table 8
Calculated Muscovite Ages and Grain Radii
Approximate
Sample Median Radius K-Ar Age Rb-Sr Are
Number (microns) (m.y.) (m.y.)
3500 675t25
c 690 545±20
D 250 44015
B 110 350-10 430*30
A 55 360l0 41030
The K-Ar ages show a consistent decrease with decreasing
grain size. The two smallest sizes A and B are interpreted as
having undergone complete loss of argon at 355 m.y., the time
of metamorphism. The Rb-Sr ages may indicate complete loss
at a different time,s-or an age variation may exist wlich is
masked by the experimental error. A factor of four in the
grain radius should theoretically be sufficient to produce the
observed K-Ar age variation from 675 m.y. to 355 m.y. The
variation instead occurs over a range of grain size of about
a factor of thirty-five. This may be accounted for by the pre-
sence of considerable ground-down coarse material in the finer
fractions. It is clear that an age variation exists. The pro-
blen is to determine over what range of grain size it occurs.
It is also clear that the effective diffusion radius is larger
than 690 microns, possibly much larger.
Several cases have been reported in tie literature where
muscovite from a pegmatite shows an older age than muscovite in
the country rock cut by the pegmatite (Gerling, 1957;
Wasserburg et al., 1959). These can be explained by the rela-
tively greater diffusion loss fronm the finer country rock
muscovite during a post-crystallization metamorphism.
Using the age data of Table 8, and extrapolated mus-
covite diffusion data from Fig. 6 it is possible to calculate
the time-temperature history of Paleozoic metamorphism at
Clarendon, Vermont. The calculated temperature is relatively
insensitive to the estimated duration of metamorphism,
changing only 30 C for a change in time interval from 5 m.y.
to 50 m.y. A factor of two error in the D/a 2 value only changes
the temperature by 10 to 150 C. For a 10 m.y. metamorphism,
the temperature is calculated to be 4250 C. If a knee occurs in
the Fig. 6 muscovite extrapolation, the temperature would be
higher. This study shows then that the temperature of Pal o-
zoic metamorphism at Clarendon, Vermont, was almost cert~nly
greater than 4000 C. This is a reasonable estimate.
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Abstract.
II A Study of Mineral Ages in a Contact Metamorphic Zone
Abstract
Rb-Sr, K-Ar and U-Pb analyses of biotite, feldspar,
hornblende, whole rock and monazite samples from two contact
metamorphic zones show age discordancies which can be related
to parameters of the contact metamorphism. The shape and dis-
placement of the various "mineral age" versus "contact dis-
tance" curves can be related to the relative diffusion parameters
of the minerals. A simple model is presented which interprets
discordant age patterns in terms of time, temperature and
mineral diffusion parameters.
Introduction
Almost a complete range of mineral age discordancies
has been observed in certain "mixed-age" or "noisy" areas.
Ages by the same method on different minerals and by different
methods on the same mineral may all be discordant. The dis-
cordancies may even vary in sign from area to area. Most of
the mixed-age areas which have been previously encountered are
the result of regional metamorphism. In these areas it is not
generally possible to relate age discordancies to specific
environmental factors. A study of mineral ages in a contact
metamorphic zone should permit a correlation of observed
age discordancies with at least one variable, the temperature.
Contact zones where the country rock is markedly
older than the intrusive and yet not affected by regional
metamorphism contemporaneous with the intrusive are somewhat
uncommon. The best area which could be found is in the Front
Range of Colorado where Laramide stocks out rocks which retain
a Precambrian age of 1200 to 1400 my. (Aldrich et al.,
1958b). The Monteregian intrusives of Quebec, Canada, and the
Paleozoic intrusives in the Green Mountains of Vermont are
other possibilities. Sample collections were made across
contact zones of two of the Laramide stocks in the Front Range.
A discussion of preliminary results has been given previously
(Hart, 1960).
Geoloay
The crystalline core of the Front Range is composed
essentially of Precambrian granite, schist and gneiss. The
oldest of these is the quartz-biotite and quartz-biotite-
sillimanite schist of the Idaho Springs formation. These
schists are cut by an extensive series of Precambrian granitic
batholiths. These granitic rocks are in order of decreasing
age, Quartz monzonite gneiss, Granite gneiss, Boulder creek
granite, Pikes Peak granite, and the Silver Plume granite.
Cutting these Precambrian rocks of the Front Range is
a series of about ten major stocks, Paleocene or Eocene in age.
These stocks occupy a narrow belt extending southwestward
across the Front Range. This belt is paralleled some miles
/0.
to the south by a highly mineralized zone containing most of
the early Tertiary ore deposits of the Front Range. Most
of the stocks hwe been intruded upward at a steep angle and
some undoubtedly represent old volcanic throats. There is
no evidence in the area for any significant thermal regional
metamorphism since the Precambrian,
Samle Descrption and Location
Two contact localities were sampled in August, 1959.
The Audubon-Albion stock, five miles west of Ward, Colorado
and about seven square miles in surface area, intrudes both
the Idaho Springs formation and the Silver Plume granite.
Fig. 1 is a sample location map for samples collected across
the western contact zone, near Lake Isabelle. Thirteen
samples of schist were taken over a distance of 300 feet,
and six samples of granite were taken over a distance of 150
feet. The only macroscopic contact effect observed was an
absence of sillimanite in the schist in a fifty foot gone
near the contact, The contact itself is exposed and knife
sharp.
The Eldora stock, one mile west of Eldora, Colorado,
has a tabular projection one-half mile long and 1000 feet
wide in contact with the Idaho Springs formation. Fig. 2 is
a location map for nine samples which were collected here over
a distance of 250 feet. The contact is gradational over a
ten foot zone, and many xenoliths and ghost structures of
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schist are present in the quartz monzonite intrusive. The
foliation in the achist is irregular for a distance of fifty
feet from the contact, and manty pegmatitic atringers and quartz
vains are present in this zone. This contact zone is markedly
different from the Audubon-Alblon contact zone. The difference
may be accounted for by the more salic nature of the Zldora
stock, more fluids associated with the Intr'asion, a higher
intrusive temperature, or emplacement earlier in the orogenic
cycle. The lateral variaton of the schist in this corct
zone allowed several rock types to be collected at each location;
usually a pegmatitic phase, and an amphliboliic segregation.
The following table gives the sample number (distance
from contact) and the mineral assemblages observed in thin
section. The phases are 12ted in order of decreasing abun-
dance in the section.
AOA Oligoclase, orthoclase, quartz, hornblende, biotite,
magntite and aphene
A6A orthoclase, quarz, albite, biotites Lagnetite and
garnet
AI2A biotite, quartz, orthoclase, garnet, magnetite and
albite
A18A sa;e as A12A
A23A quartz, biotite, albite, orthoelase, magnretite, garnet,
chlorite, chloritoid.
A38A quartz, orthoclase, albite, biotite, magsetite and
garnet
A51A quartz, albite, biotite, orthoclase, magnetite and
gara'et
A74A Silliianite, quartz, orthoclase, biotite, albite,
magnetite and chlorite
A88A Quartz, sillimanite, biotite, albite, orthoclase and
magnetite
A122A Quartz, orthoclase, sillimanite, biotite, magnetite
and chlorite
A152A Quartz, orthoclase, sillimanite, biotite, albite,
magnotite and chlorite
AI69A Albite, quartz, orthoclase, biotite, magnetite and
S illimanite
A300A Orthoclase, quartz, albite, biotite, mrngnetite, garnet,
muscovite and sillimanite
COA Oligoclase, quartz, orthoclase, hornblende, totite,
epidote, *hene and magnetite
C2A Oligoclase, hornblende, epidote, magnetite, sphene,
biotite, quartz and orthoclase
C4A Hornblende, oligoclase, traces of magnetite and biotite
C20A Feldspar, quartz and biotite (pegmatite lens)
C37A Same as C20A
C58A Same as C20A
C08A Same as C20A
C134A Hornblende, otloclaee, dLopside, magnetite and quartz
C248A Hornblende, andesine, diopslde, magnetite, epidote
and quartz
4088 Sample of Idaho Springs formation ,from junction of
Routes 6 and 40, five mileo east of Idaho Springs.
Biotite quartz schist with coarse feldspar-quartz
stringers.
Discussion of Petroraph
In the Audubon-Albion contact suite there are two
distinct assemblages. Up to sample A74A the rocks contain
garnet but no sillimanite; beyond that, sillimanite but no
garnet. It is believed that this is a retrograde reaction,
sillimanite (plus other phases) -Garnet, related to thermal
contaot effects. Te "ooexistence" of garnet, muscovite
orthoclase and sillimanite in sample A300A clearly indicates
another reaction of the same type. This suggests the presence
of a second thermal source sao distance beyond, and unrelated
to the exposed contact itself.
The abundance of rimad plagioolase, sphene, and bio-
tite alteration of hornblende in sample C2A (Eldo) )is an
indication of the gradational natur'of the contact. The ab-
sence of pyrozene from CIIA, and the traces of biotite srtera-
tion of hornblende suggests a retrograde reaction related to
the contact metamorphism.
Concentrates of biotite and horablende were obtained
from the ground samples by a combination of magnetic and heavy
liquid treatments, The hornblende samples other than C2A
were quite pure, containing only traces of pyroxene. The
hornblende from 02A contained appreciable (5 to 10%) biotite
impurity. The varying potassium content of the biotites
largely reftlects varying sample purity. The main imprity was
sillimanite with unliberated magnetite inclusions.
Two to ten gram samples for argon analysis were out-
gassed in vacuum for one-half hour at 300 to 3750 C. Tests
indicate that no argon loss occurs during this treatment* The
samples were then fused to a glass, without flux, in a resis-
tance-woud vacuum furnace. Enriched argon 38 was used as the
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isotope dilution spike. The released gases were purified on
hot copper oxide and titanium sponge. The pure argon sample
was then rn on a Reynolds-type mass spectrometer which is
directly coupled to the purification line. The background
peak at mass 36 aCeounted for 2 to 10% of the total mass 36
gas peak. Extensive tests have shown that this 36 background
is not appreciably affected by the introduced gases as long
as they are free of hydrogen. Precision of the argon analyses
in the biotite age range of, 50 to 150 a.y. is 2 to 3%, and
sa what better for older samples. Accuraoy is on the order
of 1%* as indicated by a comparison of results obtained on
an interlaboratory standard biotte.
The potassium analyses were made using a Peftn4Elmer
flame photometer, with lithium internal standard. Duplicate
solutions were made up all but two cases. Reproducibility,
as indicated by these duplioate analyses, is about 1% for the
biotites and 1.5 for the hornblendes. The acurac y of the
biotite potassium analyses is lieved to be better than 1A,
as indicated by analyses of standards. The hornablende potassium
analyses may be systematically high by as aich as 4%. A com-
parison with isotope dilution analyses on several samples
proved ambiguous.
The rubidium and strontium analyses were made using
isotope dilution techniques. The precision and accuracy of
the rubidium analyses iS better than 2, as indicated by
replicate analyses on an interlaboratory shelf sution.
___
Separate strontium isotope ratio measurements were made on
the whole rock samples. The overall error for the determina-
tion of the n-dicogezdc strontim content in the whole rocks
is estimated to be about 6%. In the biotites, the error is
about 4%.
Results and Discussion
The analytical data for all the measurements which
were made is presented in Table 1.
Audubon-Albion Cont act Zone
With the exception of biotites A88A and A122A, the
&verage of th other five is 66.3 m.y. with astandard devia-
tion of 4j and a standard error of 1.7%. This is about the
spread which would be expected from experimental error.
These five biotites are interpreted as having lost all their
argon at the time of intrusion, and serve to date the Audubon-
Albion stock at 66.3+2 m.y. Biotites A88A and A122A have
retained some argon. Their position in between samples which
show complete loss suggests the presence of an unexposed heat
source beyond 300 feet or so. It was previously mentioned
that the amineral assemblage in A300A also suggested a secondary
thermal souroe. The Rb-Sr age of 89 m.y. on Biotite A300A
is changed to 78 im.y. when the inlersection point of the
biotite-whole rock radiogenic growth lines is used. The exper-
imental error very nearl overlaps he biotite arson age on
this sample, and indicates very little if any retention of
radiogenic strontium.
Table ,
Analytical Data for Colorado Contact Suites
Grain
AOA -50+100
A3_-  +50
A1A -50+100
A88A -50+100
-50+100
-100+200
-50
A122A -50+100
A152A -28+40
-50
Al9A -100+200
A300A -50+100
-50
C2A i -100+200
CIlA -50+100
Cl31 4A -50+100
C248A 5-10 m.m
-50+100
4088 +50
Biotite
Biotite
Biotite
Biotite 1
Biotite 2
Feldspar
Whole Rock
Biotite
Biotite
Whole Rock
Biotite
Biotite
Whole Rock
4,84, 5.15_
7 J2
7. 7e59
5.2, 5.85
5.59, 5.78
9.77, 10.22
7.31
Hornblende i1.18
Hornblende 0.77, 0.9
Biotite 734
Hornblende 1,02 107
Biotite 7 .34, 7.46
Hornblende _,01l 106
Biotite 7.39, 7.61
1.88
1.82
2 06
2.3
6,56
38-3
0,56
0.72
392 1.45(I.R.)
.41 1.14(I.D.)0.41
0.68 1240 0.457I.D.)
284 1.51(I.R.)
0.
0-40
0. 4
__g44_
0.9
0,85
0.98
907 i.15fI.D.)
8 1-52T.D.J
* Radiogenic
0.208(I.R.)
0.101(I.R.)
940175
234
1.64
.25, .24,
.83, 1.92
.
The three whole rook Rb-Sr ages are widely sattered
and show that the cheical system represented by the samples
colleoted was not a closed system. The ages are therefore
not necessarily mseaningl though they do illustrate the
range of mobility of radiogenic strontium during metamorphism.
Table 2 shows the analytical data and calculated ages
for a U-Pb analysis of mnazite from sample A169A.
Table 2
Aalial Data and Ages for Mnadte Aasis
Conentration in wt ,Aomn P '"nt Acbus x08
0.580 5 .46 0.396 0 0.272 0.0252 0.703
Age in million years
1260 136o 15oo00 1o00
The analyse were perormed at the Geophysical
Laboratory and the Department of terrestrial Magnetism,
Washington, D.C., under the supervision of Dr. 0. R. Tilton.
The Pb204 observed was attributed to laboratory contamination.
The measured Pb206/P 0 4 ratio was O700. The procedures
of Tilton et al. (1957, 1957a) were used, with some, modifications.
These ages, while clearly discordant, show that monazte,
like ziroon, is quite resistant to thermal events. The mona-
zite is undoubtedly detrital and may have experienced three
or more metamorphic episodes. In any event, regardless of the
number or age of the metamorphic episodes, if each episode
_^~ L ~ _ II
resulted in only a not loss of lead or a not gain of uranium
the true age must be in excess of 1550 m.y.
iton t Audubon Contapt Zone Biotes
The composition of the biotite in the mineral assemb-
lages observed in the Audubon contact zone is a function of
temperature, activity of water, and activity of oxygen, and
is independent of bulk compositional changes. If the contact
rocks represent a chemical system open to water and oxygen,
variations in the iron to magnesium ratio in biotites reflect
only variations in the temperature. The total iron to mag-
nesium ratios of six of the biotites were determined on the
optical speoorgraph, using two chemically analysed blotites
as absolute standards. The averages Of triplicate analyses
on each biotite are shown plotted in Pig. 3. The standard
error for the analyses ranged from 1% to $~.
Data given by Wones (1959) indicates that the ratio
of Pe/4g in biotite in an assemblage feldsparwmagnetite-bio-
tAt* will decrease with increasing temperature or activity of
oxygen. The Pe/Mg ratios of biotites in the garnet-bearing
assemblages are not directly comparable with those in the
sillimatte assemblages but should be larger, all other things
being equal. The compeWitions of the first four biotites in
Fig. 3 are consistent with a negative temperature gradient.
The fh sample indicates a possible reversal of the tempera-
ture zradient in accordance *tth other observations previously
bU 100 150 200 250
DISTANCE FROM CONTACT (feet) -
RG 3 -IRON-MAGNESIUM RATIOS IN CONTACT BIOTITES
300 350
52.
discussed. The biotite at 300 feet shows the higheet Pe/g
ratio of all, and either indicates a lowti erature or an
environment with different activities of oxygen or water.
A choice cannot be made from the limited data available.
fl Qra onctZ q
The ages determined on minerals from the Eldore contact
zone are presented in Table 1, and illustrated in Pig. 4.
There is no evidence in this zone for a secondaru heat source.
The horablendes show striking argon retentivity compared to
the biotites. The ages of 1160 may. and 1150 m.y. at 134 and
248 feet are believed to represent the general age level of
unaffected Precambrian rooks in the district. The biotite
argon age of 68 m.y. at 58 feet probably represents complete
loss of arson and is identical with the age shown by the
Audubon stock. The biotite at 248 feet shows slight retention
of argon. The difference in the distances at Audubon and
Eldora over which argon retention in biotite occurs is pro-
bably related to the effects previously proposed as causes
of the gradational contact at Eldora.
A calculation of the tlme-temperature history at dis-
tances of 11, 88 and 300 feet has been made using a theoretical
heat flow model. Hypothetical diffusion loss curves were
computed from these time-temperature qarves by graphical inte-
gration and appl1tation of the appropriate diffusion equations.
The results demonstrate that the parameter which governs the
distance interval over which complete loss oeurs from different
* For details of these calculations, see page 194.
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minerals is the activation energy for diffusion of the given
daughter element, It is apparent from Pig, 4 that the distance
interval over which loss of strontium in biotite occurs is much
larger than the interval over which loss of argon from horn-
blende occurs,. This infers a much larger activation energy
for argon in hornblende., The relative vertical displacement
of the curves in Pig. 4 is a function both of the activation
energies and the relative values of the diffusion coefficients.
If the activation enrrgy is constant, a change in D/a2 of 104
will displace the curve from zero loss to complete loss.
Discordant:Age Theory
Consideration of the results from this contact study,
especially the indication of a low activation energy for
strontium in biotite, has led to the formulation of a "dis-
cordant-age model", It is believed that this model explains
in a general way many of the discordant age patterns'which
have been reported in the literature. Fig. 5 illustrates
hypothetical "model" D/a2 versus 1000/T relationships for
various daughter products in various minerals.! If the minerals
are heated at a given temperature, their relative daughter
product diffusion losses wilbe proportional to the relative
values of D/a2 at that temperature. Three cases are considered,
represented by T1, T2 and T3. In order for some retentibn
to occur at each temperature, the heating times must decrease
with increasing temperature. Thus T3 might correspond to the
high temperatures of contact metamorphism (105 yrs), T2 to the
moderate temperatures of regional metamorphism (107 yrs) and
* The temperature scale here is arbitrary, The lines are
positioned empirically by consideratioa of the three case
discussed. See also page 200.
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TI to the ambient surface temperatures of very old stable shield
areas (3x109 yrs). The contact results of this study repre-
sent case 3(T3 ), with no loss of argon from hornblende, no
loss of lead from monazite, partial loss of strontium from
biotite and complete loss of argon from biotite. Case 2(T2)
is represented by results from Sudbury, Ontario, and the Balti-
more gneiss province, where complete loss of strontium from
biotite has occurred, no loss of argon from biotite or horn-
blende, and little or no loss of lead from zircon. (Fairbairn,
1960; Tilton, 1958). Case 1(T1) is represented by various
results from the oldest shield areas where argon and strontium
ages on biotite and hornblende seldom show appreciabLe loss,
but where zircon ages are frequently discordant. Tilton (1960)
has suggested continuous lead loss by diffusion as the most
reasonable interpretation of these discordant zircon ages.
He first recognized that this process must infer a very low
activation energy for lead in zircon. The writer has extended
this idea to the above generalized model, on the basis of
results obtained from this cortact study. It is obvious that
many deviations will occur and the discordant age patterns
observed will not always fit the model. The discordant rela-
tionships inferred from Fig. 5 are unique only so long as
the (a2) values of the minerals remain in the given proportions.
Geological Time Scale
The K-Ar age of 66t2 m.y. for the time of emplacement
of the Laramide stocks in the Front Range porphyry belt is be-
57
lieved to be the first reliable measurement of this event.
Andesitic pebbles thought to have come from lavas erupted
from the volcanic throat of the Audubon stock (Lovering et
al., 1950) are found at the base of the Upper Cretaceous-
Paleocene Denver formation. A time of 66 m.y. then can be
assigned to the time scale somewhere around the Cretaceous-
Paleocene boundary.
Twenty-four independent age analyses have been made
on samples of biotite, feldspar, hornblende, whole rock, and
monazite from two contact metamorphic zones bordering Laramide
stocks in the Front Range, Colorado. The age dIscordancies
which were found can be related to the presumed temperature
distribution in the contact zone, the mineral paragenesia,
and compositional variations of the biotite. A low activation
energy for strontium in biotite and a high activation energy
for argon in hornblende can be inferred from the shape of
the "apparent age"' versus "contact distance" curves.* Using
these estimates a comprehensive model has been proposed which
relates discordant age patterns to time, temperatures and the
diffusion parameters of the mineraLs.
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III The Use of iboles and Pyroxenes for K-Ar Dati
Introduction
Micas have long provided the basis for most K-Ar and
Rb-Sr isotopic mineral ages, Their use has become accepted
almost to the eusion of other possible minerals. Pinson
et al. (1958) analyzed three hornblendes for rubidium and
strontium. One of these had a Rb/Sr ratio favorable for age
calculation. Hayden et al. (1900) obtained a geologically
reasonable K-Ar age on an amphibole from Montana. Damon(1957)
measured the K-Ar age on a hornblende from the Storm King
pegmatite and obtained an age in excess of that measured on
coexisting biotite, Excess original argon in the hornblende is
given as the most likely explanation by Damon. A study of
ages across a contact metamorphic zone (Hart, 1960) indicates
that hornblende retains argon much better than biotite. Amir-
khanov et al. (1959a) have measured the diffusion coefficient
of argon in pyroxene and find it to be very small at geologic
temperatures. It is suggested that these minerals may prove
useful for dating purposes, especially in metamorphic areas.
To determine the applicability of these minerals for K-Ar
datng, the potassium and argon content of ten hornblendes
and three pyroxenes has been measured,
Sample Description
Because of the low potassium contents of hornblende and
pyroxene, it is essential that all biotite and feldspar impur-
ities be removed from the sample. Table 1 gives a description
6o,
of the samples with an estimate of the biotite impurity, This
estimate was made by grain counts and X-ray diffraction measure-
ments of all the samples, using hornblende-biotite mixtures as
standards, Several samples showed no free biotite, but fine
intergrowth were detected by the X-ray examination,
Table 1.
Desaciption of Hornblende and t roxene Samples
B
IRock Unit-- Looality
Wheaton, Maryland
Ellicott City, Maryland
Devault, Penna.
Bear Mountain, N.Y.
Crossnore, N.C.
Rockport, Mass.
Mont Royal, Quebec
Chicoutimi, Quebec
Kenogami, Quebec
Dill Statlon, Ontario
Oak Bay, New Brunswick
Neelon Twp., Ontario
Dryden, Western Ontario
Eldora, Colorado
Tonalite
Granite
Baltimore gneiss
Storm King granite
Granite gneiss
Cape Ann granite
Tinguaite dike
Syenite
Gabbro
Gneiss
Gratite
Sudbury gabbro
Amphibolite
Idaho Springs Fin., schist
* These samples were obtained through the courtesy of G. R.
and 0. L. Davis of the Geophysical Laboratory.
H - Hornblende
P- Pyroxene
iotite
mpurity
1%
3 %
0.5%
0.2%
1%
1.5%
0.2%
5%
0.2%
0.2%
0.2%
0.2%
4%
0.2%
Tilton
Sample
Number
H.- 47*
H-B21*
H-P20*
H-Sk*
H-G15*
H3006
P3069
H3070
P3073
H3089
H3136
P3426
H3451
H4068
Analytical Techniques
The argon analyses were made by isotope dilution,
using enriched argon 38 as a spike. Sample weights of from
three to five grams were used for the argon analyses, The
argo 36 coqmponent was used to calculate the air correction.
Potassium analyses were made using a Perkin-Elmer flame
photometer with lithium internal standard. Isotope dilution
analyseS for potassium were made on several samples as checks.
The analytical errors vary with the potassium and argon con-
teat, and are estimated for each individual analysis. Decay
constants used are e = .585 x lo-'lOyr "0, = 5.30 x 110"0yr-,
40 -4K 1.22 x 10 I/g of K.
Results anl Discuasion
The analytical results are shown in Table 2, along
with an estimate of the fraction of potassium actually con-
tributed by the hornblende or pyroxene,
There is a lack of agreement between the flame photo-
meter potassium determinations and the few isotope dilution
potassium analyses. Until more of the samples can be checked
by isotope diluton, the flame photometer values will be
used. Prom the range of potassium values shown, it is likely
that most hornblendes, as well as many pyroxenes of Paleozoic
age or older can be accurately dated by present techniques.
Table 2.
Analytical Data for K-Ar Measuremaents
on Hornblendes and P Xorene
40
*Ar
K BD Pyr.(n 10'5 *Al
% I.D. 1 Toal 2 e stp/pg)Totwi-- A
-0.83
0.90
- 0.98
20.99
0.047 0.87
-v0.93
0.94
0.99
70.98
0.0941 0.90
-0.58
0.942 >0.99
0.543
2.65
6.65
7.82
2.20
2.26
0.0o46
4.58
1.04
6,31
0.740
0.925
15.7
6.56
0.29
0.71
0.83
0.82
0.62
0.56
0.05
0.80
0.500:%
0.26
0.9-2
0.85
* Radiogenic
Sample
Number
H-B47
H-B21
H-20
1H-G15
i3006
P3069
H3070
P3073
H3089
HI3136
P3426
HI 68
Ki% FP.
0.403
1.69
0.55
0.54
1.4-0,
0.112
1.05
1.15
0.155
0.0914
0.663
1.01
1,06
140
0.0200
o.0184
0.0722
0.0687
o.o6o5
0.0 23
o.oo60
0.0707
0.0226
0.148
0.347
0.0926
Age(mad. )
310 15
290t8
950*50
910*40
82o03034 -+5
1200±60
100940
35
2680.60
1150 40
-- - --u~---, c -----c- - -- Prrcr-- -r%-- ~u---- - -- ---- - ----- -c--"- iLI(- --L1-- - i-~~CII -I I
Table 3
Comparison of Hornblende-Pyroxene Ages with Ages of Associated Minerals
K-Ar
Sample Ages
Number This
Work
Biotite Biotite
K-Ar Rb-Sr
Zircoi-
200 "
Miscellaneous
H-B47*
H-B21*
H-IaP20*
H-SK *
H3006
P31069
It3070
P3073
113089
H3136
P3426
H3451
H4068
310 500 510 570 490
290 315 290 355 370 450 310
950 1000 4 5
910 845 i960 99 0 oio 80
8--0 690 T 20 800 V)
345- - - -- ---------- ------- --------- - Zircon Pbo -260 a.
100 -------------- ---- --- ---------. Brome Mt., Biotto
K-Ar, 125 m.y. b.
820 - -- ------------- Rb-Sr 940 c.
IBDE Rb-Sr 960 c.
1200- - -- -- -- - - - - - - ---- --- Grenville loclity
1000 1000 860d
350 - - -- - - Feldspar Rb-S .
1610 1780d , e 12e45 3 0O
26- - - - - -- - - - ----- - ------------ uperior Province
locality
1150 8o 410
* The biotite and zircon ages on these samples were determined previously by staff
at the Geophysical Laboratory and Department of Terrestrial Magnetism. The re-
sults were reported by personal communication from G, R. Tilton.
a. Webber et al. (1956)
b. "Age Determinations by the Geol. Survey of Canada (1960)
c. Pinson et al. (1958)
d. Hurley et al (1958), recomputed values
e. These ages were on a biotite-bearlng sample of the same gabbro, but from a differ-
ent locality.
- I- I I.-~-Y --. II)-- Y 31 - - -- --- --IUI --~---- ~--L~I --_II~-*...- __~~_LI_~IIL.I_ 1_1_1~ 111 1 -I. .X1.~~^---~i-. .1 _
/Y
qo.
Table 3 is a comparison of these hornblende and
pyroxene ages with ages determined on other tminerals from the
same rock, In every case there is marked concordance between
the hornblende and pyroxene ages and the original or metamor-
phic age inferred from these comparison age analyses. The
low argon content of several of these samples makes their
measured age especially sensitive to the presence of excess
argon. No evidence is found for the possible general existence
Of "excess o-r trapped" radiogeni argon n in hornblendes (or
pyroxenes).
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PART II
Appendix I
Apparatus and Experimental Techniques
A. Sample freparation and Purifickion
From the five to fifteen pounds of collected sample,
a representative hand specimen and thin section chip were
set aside. The remainder was first pulverized with a jaw
crusher and disc grinder and then sieved with a 50 mesh
screen. The oversize was reground until everything passed
the 50 mesh screen. Occasionally an oversize of concentrated
biotite could not be reduced. The minus 50 fraction was passed
through a sample splitter until a hundred gram portion was
obtained and bottled as a whole rock fraction. Any oversize
biotite concentrate was mixed in before splitting the sample.
The remaining sample was sceeened at 50, 100 and 200 and the
-50+100 or -100+200 fraction taken fo ineral separation. This
fraction was run through a Carpco magnetic separator. The
magnetite and tramp iron were pulled out by a moving belt-per-
manent magnet arrangement on the Carpco feed. The Carpco
magnetic fraction was separated in bromoform. A potassium-
rich feldspar fraction was obtained from the float of care-
fully adjusted bromoform. A biotite-hornblende rich fraction
was obtained from the sink portion of regular bromoform. Final
purification of the biotite was made on a Frantz Isodynamic
magnetic separator. After purification of the hornblende on
the Frantz, the remaining biotite impurity was floated out in
carefully adjusted methylene iodide. Estimated hornblende
purity is given in Table 1, chapter 3, part I. The variable
potassium content of the biotite is chiefly a function of
sample purity. The biotite samples range from 70% to 99%
purity. In most cases the principal impurity in the biotite
is sillimanite with unliberated magnetite inclusinns.
B. Measurement of Radiogenic Argon
1. Gas Release and Purification System
Fig. 1 is a schematic diagram of the argon purification
line constructed and used in this research.
Stopcocks
The circled crosses represent Corning two-way 4 m.m.
mercury seal evacuated bulb stop-cocks. The use of these
made it impossible to bake out the purification system. How-
ever, the system was kept under vacuum at all times arnd the
air argon blank from Just the purification train was insigni-
ficant (-5 x 10O7 cc stp) compared to the sample blank
(2 x 10- 5 cc stp). The stopcocks were found to have a finite
leakage rate across them when there was a large pressure
gradient from one stem to the other. The leakage rate in
from the atmosphere, however, was found to be completely
negligible. The change in 40/38 ratio in the routine spike
bulb was less than 3% in three years and this establishes a
maximum leakage rate through the spike bulb stopcock. The
stopcocks generally took several weeks to degas initially.
Copper Oxide
The copper oxide traps are used to oxidize hydrogen.
From one to four stdacc of hydrogen may be formed during a
normal fusion by.reduction of water vapor on hot metal or
sample,. The pyrex copper oxide traps are permanently main-
tained at 400 to 4500 C.
7o.
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Vacuum System
The roughing pump is e Welch Duo-Seal Model 1400
for~mp and is used to evacuate the furnace initally, after
a sample is loaded. The high vacuum is obtained with a model
1400 forunump aud single stage imercurj diffusion pump. There
is a large cold trap between the diffusion pump and the purifi-
cation line.
Titanium uirace
This consists of a molybdenum crucible containing ten
to fifteen grams of titanium sponge suspended at the bottom
end of a Vycor tube. The Vycor tube is heated externally
with a Kanthal wouYd resistance furnace capable of reaching
13000 C.
Air Argon Release System
This metering system consists of a 500 cc bulb, a
three-way stopcock, and a pipette. The volume of the pipette
plus lower bore of the stopcock is 1.125 cc. The bulb is
filled with spectroscopic air argon,and the half life of the
pressure is about 308 releases. The initial releases contained
about 3 x 10" 4 cc stp of air argon with less than 1% impurity.
About 20 to 30 releases were made during this research.
SpikeRelease System (Low Level)
This metering system consists of a 1093.2 cc bulb, and
a 2.628 cc manifold included between two stopcocks. The inner
stopcock bore is 0.2601 co, the outer stopcock bore is
0.2830 cc. The decay constant is 2.40 x 10"3 release "'
and the half life is about 289 releases. The volume measurements
were made by duplicate fillings of mercury or water; then
weighing of the mercury, and filling of a graduated cylis*r
with the water.
Thia-spike bulb was filled with about 4 x 10-3 cc stp of
enriched argon 38 spike obtained in 1955 from Oak Ridge, Spike
calibrations were made by admirtting five to eight om of air
into a 3.4327 cc pipette, expanding the air once or twice
(expansion ratio = .157), and mixing it with a spike release.
Fig. 2 shows the spike calibration curves for this low-level
.nd Ar ISe 'p-oute Sp'c 4' ce).
spike ($etz:)4 The isotope ratios of the two spikes are also
given n Fig. 2. In this rezearh sixty-three 'low level'
spike releases and forty-seven 'routine spike' releases were
used.
Fusion Furnace
Pig. 3 is a scale drawing of the fusion furnace con-
struated for this research. It was designed especially for
constant temperature diffusion runs but was found to be satis-
factory for nortmial fusionz as well. A double-walled water
cooled bell jar encloses thle furnace and is sealed to the base
plate with Apiezon Q vacuum wax. The leakage rate of air argon
into the furnace was measured to be about 7 x 10'13 liters/sec.
In a normal one hour fusion this would amount to 2 x 10" 6 cc stp
of air argon.
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The central two inch portion of the furnace was found
to have a vertical temperature gradient of less than 100 C at
1000 C. The sample orucibles were usually supported in
this zone on a 22 m.g. cylinder of alundum with a 1 m.m.
wall thickness. Two platinum-platinum, 10Q rhodium therao-
couples were used during diffusion runs; one above and one
below the sample. The thermocouples .were calibrated by
suspending a loop of pure .010" copper wire near them and
watching for the continuity break in the circuit during
heating. The thermooouples deteriorated with use; new ones
oalibrated to within 10 0C,while old ones were frequently
20 to 30* C off. To insure aocurate readings, the insulated
vacuum lead-throughs had to be &eaved frequently.
The Morganite alundum core was wowd with ten ohms of
40 amil Kanthal A wire. With new molybdenum shields, the fur-
nace wruld reach 12000 C at 400 watts. The reflecting proper-
ties of the shields deteriorated rapidly and after ten fusions
it wn take 600oo to 650 watts to reach 12000 C. 12000 C was
sufficient to completely fuse all the minerals used in this
research. This type of furnace was found to have two major
disadvantages. First, the air argon blank from it was two or
three times larger than from the induction-heated furnace
(Alice) and ranged from 7 x 106 oc stp to 2 x le"5 0c stp in
mock no-sample runs. Also, sample charges larger than six
grams had a tendency to overrun the crucible during fusion
and cement the furnace together.
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Ota1igassing Experiments
Praction
Time Radigento
MnG min.) Temperature 0 ReleaAed
Musovte 40 2700 - 0.05
M a covite 6 62-5750 1.0%
Peldspar 30 350 .- 0o.0
Biotite 60 4000 < 0.1%
ombleade 30 4250 < 0.
After the sample is outgassed, the pump stopcoOk is
closed and the spike added. Liquid nitrogen is put on the
cold traps. The temperature is raised slowly through the
sample decrepitation point (biotite 400 to 5000, muscovite
6000, hornblende /-700O and rxroZne about 850 0 C). The
sample is then brought quickly to the desired temperature
(1150 to 1200 C) and held for ten to thirty minutei. The
higher temperatures are necessary for fusion of pyroxene and
musovite, while hornblende and biotite will fuse at the lower
temperatures. Occasionally a few pellets of NaOt are added to
the muscovite samples to insure fusion. After fusion, the cold
trap is warmed up and the gases allowed to equilibrate tor ten
minutes. The condensibles are then refrozen, and the remaining
gas is palled onto the purification train charcoal. Onz half
hour is sufficient to adsorb all the argon, though the hydrogen
pressure will still be high. The purification train stopcock
is closed and the charcoal warmed to 2000 C. The hydrogen is
allowed to burn on the copper oxide for thirty to sixty minutes.
_~1_1_ _~ _ I__~ _
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The titanium is heated to 900 to 950 C and the gas admitted.
Take- p of gas down to about 10 microns pressure is very rapid.
The charcoal trap is closed off and the titanip cool slowly
for ten minutes. The heater is then removed and the titanium
cooled for an additional ten to fifteen min tes. This is about
the optimum periodj longer cooling may result in the release
of same of the hydrogen. The purified argon is allowed to
expand into the conneeting line and the sample system of the
mass spectrometer for five minutes, then the titanium furnace
is closed off. The sample system consists of a baked char"oal,
a trap cooled with liquid nitrogen, and a 5500 C Vyoor oopper
oxide furnace. The mass spectrometer run normally takes about
one half hour.
Three mass spectrometers are available for aron analyses.
A oycloidal focussing instrument, model 620, made by Consoli-
dated Slectrodynamiis, a standard Nier-type metal tube instrua
ment, and a glass tube Reynolde-type instrwent satned from
Atomic Laboratories, Berkeley, California. The 620 is not
sensitive enough to measure argon 36, but it has no mass dis-
crimination and has very stable characteristics. It is ideal
measuring argon 38 and 40 ratios, testing for leaks, mon-
itoring outgassing pro*edures and checking the hydrogen content
of gas samples. The Nier-type instrument has an appreciable
background at mass 36 and is used chiefly for determining the
__Y1_ __ ______I_ I _ __^)_ __)^ _ I _~~ _ _~ C_ II_ C
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argon 36 content of Precambrian samples. The Reynolds-type
instrument was used for nearly all of this research.
t~nlda-tl e Mass Spsotr ter (See Reynolds, 1956)
Assembly of this ±nstruiaent was begun in February,
1959, Low vacuum wa notichieved until several stopcocks on
the inlet side were replaced with Granville-Phillips metal
valves ;Ln early June. Initial sweeps at pressures of 4 to
6 x 10 -7 m.m. showed poor sensitivity and large background in
36 to 40 region. The pumping speed was increased by tripling
the size of the pump lead, Addition of source magnets (I00
to 200 gauss) resulted in a factor of 10 increase in sensitivity
and virtual elimination of all background except at mass 28 and
44, Accidents were frequent in the early wonthe but continual
improvements in performance were made. The instrument operated
with only seven days down-time ftcv January 1 to August 1, 1960.
OperatinRg Spectications
--
Pressure s 2 x 1 9 m.m. after bakeout, 2 x 10 m.m.
"steady-state".
Trap Currents Usually run at 1.5 ma, ~ about
2.5 ma.
Total Emission Currents Usually 12 ma, maximum off
meter scale.
Noise level on V,R,EZ .05-.l1 mv.
Sensitivity: Under normal conditions, one ion per
4000 atoms, best sensitivity, one ion per 1000 atoms.
Output Resistor: 10 ohms Vietoreen
Background: Normal conditions, 38 and 40 s0.2*0.5 my,
36 ^o0.1 mv
Bakeout Procedure: First cycle, 2000 C for twelve
hours, ion gauge and filament on when hen < 5 x 10 - 6 m.m. Ion
gauge and filament off, oven caled. Glassware torched and
cold traps ecyled while oven is coolngr. Ion gauge degassed.
Oven heated 200 C for another twelve hours. Ion auge and
-6
filament on when p < 5 x 10 m.m. Oven slowly cooled, final
-9
pressure 2 to 5 x 10 m.m.
Source magnet position: Not too critical when tube is
clean. Adjust for maxlzum trap current and ainizza background.
Accelerating voltages "-+2500 volts.
Leak GOranville-Phle-Phillips metal valve.
Operation: Dynamic flow. Static runs seldom madef
Magnet: idnear from 50 ma (1700 gauss) to 220 ma
(6000 gauss).
Mass Disorimination: Variable, 2 to 3% (Nasa 38 to 40).
Deflection Plates: 135v (for vertical beam defleoodn)
Focussings Beam intensity relatively insensitive to
focussing adjustments.
Special Problems
Repeated measurements of air argon isotope vY ios indicated
a significant and slightly variable mass discrimination. The
discrimination increases with an increase of k current.
An air argon metering system was constructed (decribed earlier)
/.
so that the discrimination could be determined after all
critical argon analyses (high air correction runs, etc.)
The measured 40/36 ratios of 22 air argon runs varied from 293
to 300. After a 5.1496 Correction for leak ractionation,
these ratios correspond to a discriminattbon in the 38/40 ratios
of from 2.1% to 3.o%.
Practionatipa
Graham's law leak fractionation was assumned. For
dynamic runs of essentially infinite halflife, the fractiona-
tion correction is -2,5% of the 38/40 ratio4 For runs of
shorter halflife, curves were constructed giving the percent
change of ratio in ten minutes versus gas pressure halflife.
The measured ratios were plotted versus time and a line of the
slope given by the theoretical curves was passed through the
points. The ratio at the *ero time intercept was thenr corrected
by -2.5%. In Seneral , the measured points agreed very well
with the theoretical slope.
Mas S36 Backgro Md
A considerabb effort was made to insure that the argon
36 measurements were accurate. Comparison of argon 36/argon 38
ratios determined initially on both the Nier-type and the
Reynolds-type speetrameters showed large differences, The
discrepancies were traced to 36 background enhancement effects
caused by hydrogen in the argon sample, Since the ratio of the
gas 36 peak to background 36 peak on the Reynolds instrument is
* i.e., flow rates assued to be inversely proportional to
the square root of the atomic weights.
?z.
about i00 times that of the Nier instrument, the enhancement
effect was naturally more serious on the latter spectometer.
Quantitative measurements of this effect were made by deter-
mining the mass 36 increment caused by introducing various
amounts of hydrogen. Fig. 4 shows the increment of mass 36
and 37 on both instruments versus the quantity of hydrogen,
The hydrogen content of argon samples after routine purifica-
tion varied between I x 106 and 1 x 10 - 5 cc stp. This could
cause a doubling of the normal gas 36 peak on the Nier instru-
ment and a 10 to 20% effoet on the Reynolds instrument. Fig.
4 also shows that mnitoring of the mass 37 peak is of little
use, since the effect of hydrogen at mass 37 is a factor of
ten smaller than at mass 36. The only ideal solution to the
problem is complete removal of the hydrogen.
Pig. 5 shows the behavior o' samples #f) argon and hydro-
gen on liquid nitrogen cooled charcoal (2 grams of 3 to 14
mesh activated charcoal). With accurate timing, most of the
hyda en can be pumped away as soon as the argon is adsorbed.
The difference between sections (A) and (B) of the curve
suggests that hydrogen is being pumped off the charcoal at
(A). This is a method frequently used for removal of hydrogen
from gas samples. Rather than use this method, however, a
copper oxide trap was installed in the sample system and run
at 5500 C. At this tempeture traces of hydrogen are rapidly
cleaned up. The temperature is not high enough however to
produce a significant equilibrium pressure of oxygen. Above
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6000 C, the oxygen content in the system becomes appreciable
and at 7000 C the theoretical dissociation pressure is about
2 x 10" m.m.
Another test of 36 enhancement on the Reynolds-type
instrument was made by running a sample of nitrogen gas
(<0.1% argon) at different flow rates, corresponding to tube
pressures of 5 x 10 - m.m. and 1 x 10 6 m.m. (Normal pres-
sure during a run is never allowed to exceed 1 x 10 m.m.).
The net 36 increase for these two flow rates was .025 mv
and .035 my respectively. The 38 and 40 peaks also increased
during this test, indicating the effect to be similar to a
memory effet. The 36/38 and 38/40 ratios of these mass
increments wea similar to the argon ratios of the previous
days run. The effect, uhile finite, is less than 0.2 of
the argon quantities measured during a normal ram.
A third test of argon 36 measurement accuracy was
made by running a sample c air arSon at two different flow
rates. In one case the 36 background aooounted for 6% of the
gas peak, in the other case only 1%. The measured 40/36
ratios were exactly the same in each ease.
ZAva final test, the argon ratios froma normal run
were maoawrd, then the argon was pulled onto a charcoal
and pumped on for forty-five minutes to remove any hydrogen.
The ratios were remeasured and found to be identical with the
initial ratios.
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It is concluded that accurate argon 36 measuremds
are possible as long as the argon sample is free of all
other gas, especially hydsBen. (See also, "Discussion of
Rrrors", Appendix I D) .
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C* Ne*aurenat of fttassiunt Rubidium at Strontium
1. Cheoate PpopeaduXs
Potassium was determined chiefly by flame photometry
and oecasionally by isotope dilution. Strontium and tbidium
were determined solely by isotope dilution.
The reagents used are : water, htydofluoric acid, hydro-
chloric acid, nitric acid, solution, and amonium oxa-
3a te. Pure water is obtained by passing tap distilled water
through a Barnatead Bantam demineraliser colum. Pare amonia,
hydrochloric acid and nitric acid are prepared by distillation
in a Vyor still, No ptrication of the hydrofluoric acid
or amnnium oxalate is necessary.
Isotowe dilution Procedures
1. 0.2 to 1.0 grMs of sample are wighed and transferred to
a large platinum dish.
2. Add appropriate amounts of 5 , Rb and S8  apikes.
3. Add -1 Al of 11 R2 O04 and 10 ml of IP.
4. Digest on steam bath down to H2 04 . Add 5 to 10 ml more
F, take down to mush.
5. Add 50 am demineralised water, heat until in solution,
take down to sulfuric acid. Add 50 al more deaneralised
water.
6. As this bbils down, slowly add 2MW1 until 25 ml of 2001
solution is obtained.
7, pilter this solution and add - 10 ml of 8 5 tracer.
8. Put this solution carefully on the ion exchange columns,
using a pipette. The columns are I" x 20" Vycor, filled
with Dowey 50,8% cross-linked, 200-400 mesh hydrogen ion
cation exchange resin. The columns are washed beforehand,
twice with GNECL and once with water.
9. After the solution has soaked in, carefully wash down the
walls with C 2 and allow this to sink in,
10, Elute with 2NHC1l. Fe and Al come through first, then
Na and K. The K is detectdd by flame test. The best
rubidium will be in a 20 ml portion following the last
trace of potassium.
II. The K and Rb solutions are evaporated to dryness and
converted to nitrates, They are evaporated onto the
tantalum filament as nitrates.,
12. The strontitz i monitored by the Sr 8 5 activity. It is
collected in 10 to 20 ml portions and evaporated to
dryness. The 50 ml containing the highest activity is
transferred to a 50 ml Vycor dish and evaporated to
dryness.
13. For application to the filament, the Sr012 is converted
to SrC204H2 0. This is done by adding a few drops of Cl01
and 1 ml of water to the SiC 2 residue. A few crystals
of ammoniu oxalate are dis~tved in thb. An excess of
ammronia is added (1 ml) and the solution evaporated to
dryness. The dish is cooled, aid a few ml of ice-cold
water carefully added. The solution is pipetted off,
and the strontium oxalate residue washed several more
times with ieo cold water. (This dissottves ry of the
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rubidiur which is present). The oxalate residue is taken
up in a small pipette and applied to the filament.
Potassium Flame Photometer Procedure
1. Same as steps i, 3, 4 and 5 for isotope dilution procedure.
2. Transfer to 500 ml volumetric flasks and dilute to volume.
3. Pipette 50 nl of #2 and 5 m of Lithium standard (16,000
,gr/ml) into a 100 mi volumetric flask. .~3lute to volume.
4. Filter into a polyethylene bottle.
5. Analyze on Pe&in Elmer model 146 flame photometer, using
appropriate standards containing the same concentration
lithium as the unknowns (-800,oga la). The standards
are road three times each, setting the high standard to
90 in between each neading. The unknowns are also read
three times, this time Oetting the nearest standard to
the. tripl.at e average each time.
Contamination Blanks
One iaotQpc dilution potassiumn blank showed 10.5 gm of
contamination. A flame photometer potassium blank showed about
23 7 gm contamination. The difference is attributed mainly to
the use of distilled but not demineralized water in the flame
photometer analyses. A rubidium and strontium blank run by
Professor W, H. Piason using 100 ml of HP during the "Digestion"
showed 0.2/gns and 0.3 mza respectively,
Spike Calibration Procedures
The K4 1 spike was calibrated against the same shelf
solution from which the flame photometer standards were made.
It was found to have increased in concentration from about
46.0ugm/ml (1956 calibration) to 56.7 /gm/ml (July 1960
calibration). Two calibrations gave 56.1 and 57.1/gm/ml.
The rubidium 87 and strontium 84 spikes had been cal-
ibrated as follows by Prof. W. H. Pinson. The 85 milligram
rubidium spike was diluted to 59.6/.gm/ml by weighing as
RbC1, It was also calibrated against a shelf solution which
was made up by purifying normal RbCl on an ion exchange column,
weighing 0.2 grams into solution, and correcting for 0.5% K
impurity. A gravimetric analysis of the shelf solution as
the perchlorate, with ethyl acetate extraction of impurities,
agreed to about 1.2% with the weighing and dilution value.
Calibration of the spike against this shelf solution gave 64.2
/~gm/ml by mass spectrometery and 63.6/1tgm/ml by flame photo-
metry. The discrepancy of these with the gravimetric value
is attributed to anion impurities in thechloride salt,
probably rubidium oxide.
The strontium 84 spike gave good agreement between
the weighing and dilution value and that obtained by calibration
against a shelf solution.
Condensed U-Th-Pb Procedure
This is the procedure used for a monazite analysis
made at the Geophysical Laboratory.
1. About 3 grams of borax, which has been purified of lead
by dithizone extraction, is melted in a platinum crucible.
Fifty milligrams of monazite are added and fused for fifteen
minutes at About 10000 C over a Meeker burner with air
blast.
2. The glass is disesded in less than 100 ml of 3NHC1.
3. Aliquots of this solution are pipetted and spiked for
Uranium, lead and thorium concentration analysis, An un-
spiked portion is taken for lead ratio determination.
4. The lead solutions, 10% in citrate and adjusted to pH 8.5,
are extracted into dithizone. The lead and iron are stripped
back into 10 ml of 2% HNO3 . The iron is complexed with 10
ml of NH OH-KCN solution. The lead is extracted back into
dithizone, and then stripped back into 2% HNO 3 . It is
then washed with chloroform, and evaporated to dryness.
This is taken up in 1 ml of 2% HN03 , adjusted tp pH 4.5
with ammonia, and the lead precipitated as sulfide by
bubbling H28 into the warmed solution. The lead sulfide,
after centrifuging, is pipetted onto the tantalum filament.
5. Hydroxides are precipitated from the uranium solution by
bubbling armonia gas through it and centrifuging. The pre-
cipitate is taken up in a few drops of concentrated HN0 3 ,
15 ml of Al(NO3)3 solution added, and the uranium extracted
into hexone. Strip the uranium from the hexone with water.
12.
Evaporate the water solution just short of dryness.
add 15 ml of IOM10 4 N 3 . Extract with hexone again. Back-
wash the hexone with water. Evaporate the water down, and
heat well to destroy the ammonium nitrate. The nitrate
residue is then pipetted onto the tantalum filament.
6. The same procedure is used for thorium as for uranium
except that the aluminum nitrate hexone extraction can be
Iliminated if there is a lot of thorium present, If the
concentrations of uranium and thorium are equivalent they
are treated together as in step five.
2. woass 3ectrcetric Procedures
The mass spectrometer is a standard 6P 600 Nierwtype.
A high capoity diffusion pump (Martin) allows the tube to
be pumped down to I x 10"5 mm in about one half hour. In
several hours the pressure may be I to 2 x 10 am. The tube
is baked only infrequently. A vibrating reed electrometer is
used for the ion current amplification. The tantalum ribbon
filaments are eaned and checked in the spectromter before
each sample is applied. A single filament can frequently be
used for five to ten strontium runs. Filaments for K and
Rb eae replace< and cleaned for each new sample.
Rubidium and potassium runs are usually made on the 100 or
1000 xv scales. The strontium runs are usually made on the
10 and 100 mv scales. Conditioning the strontium samples
for several hours at a temperature just below where the stron-
tium emits helps to burn off any rubidium and seem to improve
the ultimate strontium emis*n. In strontium isotope ratio
runs 50 to 75 sets of peaks are scanned; for Rb, , and Sr
concentration runs, 25 to 40 sets are taken.
During the course of a run the strontium rtios often
show a systematic variation. The 86/88 ratios may show cycles
of up to 0.o5% amplitude, while the 87/86 ratios comuonly
follow mirror im c aycles of one half that amplitude. This
is very likely due to filament fractionation. The rubidin
ratios cosmnnly show equivalent variation but it is usually
of a more random nature.
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D. Discussion of Errors
In the following sections, consideration is given to the sources
and probable magnitudes of errors involved in the various analytical
techniques used in this thesis investigation.
1. Aron Analyses
The following are possible sources of gross errors.
Incomplete Argon Release: It is impossible to state any adequate
criteria for the complete release of argon except complete fusion.
Although some un used samples may give quantitative release,
most do not, Sintered, cemented, but unfused samples of muscovite,
biotite and pyroxene have yielded up to 25% additional argon on
complete fusion. One sample which was initially fused to a glass
was refused in the presence of NaOH flux, with less than (.1%)
additional argon released. As a general procedure, fusion to a
glass seems to be necessary and sufficient.
Incomplete Mixing of Spike Argon
In one run where the spike was given only 10 minutes to mix
with the radiogenic argon, 65% more radiogenic was measured than
in a subsequent run using normal procedures. This particular error
could only be explained by lack of equilibration of spike and
radiogenic argon. (In normal runs this problem is avoided by a
quantitative adsorption of all the argon on liquid nitrogen cooL:ed
charcoal.)
Adsorption of Non-representative Mixtures of Radiogenic and Spike
Argon on Cold Traps, Stopock Grease, etc.
All cold traps are cycled (warmed to room temperature and
cooled again) before the gas is expanded to a different part of the
purification train. This is done as routine practice, although a
specific instance of argon being trapped by condensing gases was
never noted. Carr and Kulp (1957) showed that quantities of argon
as small as 10"9 cc could be circulated in a system containing
molten rock sample, mercury diffusion pump, hot calcium, charcoal
traps, and stopcocks with less than 2% loss by absorption.
Contamination b "Meory" Argon
According to some investigators memory effects in a Reynolds
type glass spectrometer are a serious problem. This effect shows
up as a variation in isotope ratios after the gas is admitted. No
serious memory effects were ever observed in the Reynolds-type
tube used in this research. Memory can be observed under special
conditions but is negligible in a normal run. For example, the
best test of memory effects is to follow a run of high 38/40 ratio
with a run of low 38/40 ratio. This was done many times as part
of the normal calibration of the discrimination of the ion source.
Following all runs Where large air corrections were expected, an
air argon sample was run to precisely determine this discrimination
correction. The normal run might have a 38/40 ratio of one, whereas
air has a 38/40 ratio of 0.00063. The 38 measured in these air runs
was always in excess of the air ratio and is probably a memory effect.
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The amount of this excess varies depending on the pump down interval.
When the pump down time is only one half hour, the measured air
38/40 ratio might be A .002 (after correcting for 38 bk~hd). When
several hours pump down time is allowed following the previous run,
the 38/40 air ratios average about .0008. At worst then, this memory
would cause a 3% effect in the isotope ratios of a run with low
38/40 ratio (.03), and would normally be less than 0.1%. Two
routine procedures probably contributed to the lack of memory trouble,
-6One was an arbitrary limit of 1 x 10 m placed on the maximum
pressure of gas allowed in the tube during a run, The other was
adjustment of the weight of sample used so as to have a 38/40 ratio
greater than 0.3.
In addition to the above errors which might be called "accidental",
there are measurement errors associated with the isotope ratios, and
"systematic" errors associated with the electronics, fractionation
correction, mass 36 background correction, spike calibrationo etc.
Isotope Ratio Measurements on Gas Source Spectrometer
For the argon runs presented in this thesis, six to eight sets
of peaks (36-38-40) are nonnrmally measured, spread over a flow time
of about 25 minutes. The 38 and 40 peaks are invariably larger than
300 my, w,ith a 38/40 ratio ranging from I to .03. The precision of
this measured ratio is determined largely by the stability of the
emission regulator. The calculated standard error of the mean of
six to eight sets ranges from 0.05% to 0.2%, with an average of about
0.07%.
Measurement of the 36 peak is made on the 10 or 30 my scale,
with electronic noise barely visible on the 30 my scale, The
erecision of the 36/38 or 36/40 ratio is directly affected by the
peak height on account of this electronic noise. When the 36 peak
is greater than 3 mv, the standard errorce 6 sets of 36/38 ratios
averages about 0.3%. For the smallest 36 peaks normally encountered
(! mv), the standard error is not worse than 1%. Occasional runs
may have xuch worse precision due to instability of the emnissLon
regulator or magnet supply,
Source Discrimination
The mass discrimination of the Reynolds type instrument was
found to vary with time due to unknown driftjusually changing after
a bakeout period, It was also a function of the value of the total
emission current. For this reason the discrimination was measured
frequently usiLz air argon as a standard (see Appendix2 IB). Diserim-
ination corrections ranging from 2% to 3.5% were applied to all
measured ratios. Duplicate discrimination measurements made at
one half hour intervals without change of instrument settings showed
better than 0.2% precision. Without measuring discrimination after
every run7 the general drift rate indicates the correction for dis-
crimination to be precise to about 0.5%.
Fractionation Correction
Corrections for flow fractionation due to the molecular leak
were always made on a theoretical basis. When there was appreciable
resevoir depletion the plotted ratios almost always agreed wh a
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theoretical curve. Corrections made in this way showed the pre-
cision for ratio measurements mentioned above. It is possible
that this correction, while precise, is systematically in error,
e.g., while two lines of different slopes can be fitted to the
expeaMental points with equal precision, the extrapolation to
"time zero" may result in a finite difference. This is estimated
to be. less than 0.4 .
The attenuator ratios on the vibrating Reed electrometer were
within 0.1-0.24 of face value when measured, but these were not
systematically calibrated or corrected for.
The Brown recorder was checked and calibrated at the start of
the investigation. Experlence indicates these to maintain their
accuracy over long periods of time. There is evidence from many
of the rapidly decaying runs, however, which indicates that peaks
of less than several inches in height are consistently recorded
smaller than actual size. In general this can be accounted for
by keeping the peake large. This is not possible with the 36 peake,
and there may be up to a 1% systematic error in many cases. Attempts
to define this error by running air argon at different flow rates
were ambiguous,
A background peak at mass 36 ranging in size from 2 to 15%
of the the otal gas 36 peak was always measured before each run and
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corrected for. This correction can be made with considerable
accuracy, providing the background doesn't change when the sample
is introduced. The investigation of possible background increases
described earlier in Appendix IB rules out any gross effects (>5%).
Several very young samples have been run which give zero ages,
whereas negative ages would be expected if a 36 background increase
took place. It is very difficult however to prove that increases
of 1% to 2% do not ever occur.
Spike Calibrat ion
Two spike systems were used; a "routine" spike and a "low
range" spike. Reproducibility of calibrations of the "routine"
spike,u ing air as a primary standard, isabout 0.3%. The accuracy
of the calibrated values as indicated by analysis of a standard
biotite is not worse than 1%.
The reproducibility of calibrations of the "low range" spike
to about 0.9%. Consideration of results from runs on the standard
biotite and a comparison of duplicate runs made using both spikes
indiate the calibration of this spike to be 4 to 5% low, and variable.
This discrepancy was not satisfactorily resolved, and the low range
spike was used only in diffusion runs where relative rather than
absolute values were necessary.
Overall Argon Precision
The overall error in the isotope ratios due to all random
errors is taken as 0.5% for 38/40 and 1% for 36/38. The value of
total argon (no air correction) involves the error in the 38/40 ratio
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and the spike uncertainty. A total error of 0.6%, then, should
represent the precision of zero air correction argon measurements.
Pive analyses of the standard biotite (Sixth Annual Report, 1958)
show a standard deviation of 0.54%. Consideration of other zero
air correction replicates indicates the usual precision to be nearer
1%.
Por runs with a finite air correction, the error in deter-
mining the proportion which is radiogenic may be written ass
i E AIR) Where cr 36 is the
error in the 36/38
(O oqentc') measurement - about
Pig, 6 is a plot of r* versus % Air for several values of
q- 36, Pig. 7 shows the minimum age which can be measured to a pre-
cision of 5% (p) versus absolute amounts of air contamination
(for two values of r 36 and for a hypothetical 5 gram sample of 'Y
K mineral). In the present research, air contamination averaged
4 x 10-5 std cc, and this limits measurements of 5% precision to
samples 7 million years or older.
Most of the argon age analyses made had air corrections ranging
from 30% to 60%. If .36 - 1%, then ve - 1%, which is an overall
precision of 1.2 (combination of 0.6% ratio error and 1% air
correction error). No suitable replicates are available for com-
parison.
//l.
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Overall Argon Accuracy
Accuracy is affected by systematic errors in spike calibration,
mass 36 background increases, scale change factors, etc. A test
was made of overall accuracy by running a 0.274 gram sample of
B 3203, the standard biotite, This duplicated the conditions of
routine runs with respect to the argn 36 air correction. This
run, with 43% air correction, gave a radiogenic argon value of
-4
3.85 x 10 cc stp. This compares well with the average value,
3.88 x 10-4 cc stp, of other investigators.
2. Potassium Analyses
In the case of potassium measurements an estimate of precision
is easily made, as all flame photometer analyses were made in dupli-
cate. As stated in the section on techniques, duplicate photo-
metric determinations were not generally made as these were always
found to reproduce very closely (<.3%), The standard deviation
error for a series of duplicate analyses may be determined from
(f , where n is the number of pairs of solutions analyzed.
Sixteen duplicate analyses of biotites were made (K>5%), and eight
duplicate analyses of hornblendes were made (5%(K<2%). For the
biotite analyses o = 1.0%, and for the hornblende analyses " = 1.4%.
This difference is considered real even though the number of duplicate
analyses in each case is not statistically sufficient.
Estimates of accuracy are not so easily made. A limited number
of isotope dilution analyses show no systematic differences with
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the flame photometer results. Since both are calibrated against
the same standard solution this does not necessarily represent a
measure of accuracy. Professor Pinso n has made a number of ilamue
photometer analyses of standards (standard biotite, Haplo granite,
G-l, W-1, N.B.S. #TO, etc.) and the results indicate a possible
positive bias of about one per cent, This may reflect mainly a
basic difference between gravimetric and flame photometer analws
for potassium.
3. Rubidium Analyses
The bcst estimate of precision and accuracy in rubidium analyses
is gained from work done jointly by the project staff on a shelf
solution supplied to us by Dr. G. R. Tilton of the Geophysical
Laboratory. This was a RbC1 solution containing approximately
70,/gms/ml rubidium. Three aliquots were spiked in a ratio of
1:1, 1:2 and 1:3. Analytical data is given in Table 1 .
Table 1.
Spike :She
1:3
Analytc-lU Davia oti Rb Shelf Solutioa
Measured St anard Error C
f 85/87 of Measured Ratio S
.6355 0,27% 6
1.008 o.0o% 6
1,263 0.41% 6
1.254 0.17% J
a~culated Shelf
)lution Concentration
9.92/,gm/ml
.22
3,82
At.
The isotope ratios for the duplicate determination on
solution #3 agree with each other at the 95% confidence level, and
the usually quoted error in isotope ratios of 0.5% would seem to
be realistic, although this is the only duplicate Rb done as part
of this research. The precision of a single Rb analysis as calcu-
lated from the above triplicate is 6e= U.8%. This can be considered
a minimum value for precision since analyses of the shelf solution
involved less chemical processing than a normal mineral analysis.
Replicate Rb analyses done on the standard biotite by other members
of the project staff (Annual Report #6, 1958) show the precision of
a single measurement to be about 0.45%. Two recent analyses of
the standard biotite give 463.5 ppm and 462 ppm indicating pre-
cision of the same order. This precision is exceptional and may or
may not be representative of Rb isotope dilution analyses in general.
The accuracy of rubidium analyses, as suggested by a com-
parison of our values and those of two other laboratories on the
above shelf solution, is probably better than 1%.
Interlaboratory Results on Rb Shelf Solution
1. M.I.T. 69.3*.6
2. Carnegie Institution 67.5
3. P. Gast, University of 68.5
Minnesota
These values are in fact the same, within experimental
error.
Some of the Rubidium runs were assigned larger errors
(up to 5%) owing to underspiking. It is easily shown from
a plot of normal to spike ratio (N/S) versus the Rb 8 5-Ab87
ratio that a given error in the isotope ratio results in a
much larger error in (Nft) for values of N/S>I. This result
may be written as: Error C( /)
S-ror a "/77
That is, if a 0.5% error is taken as being normal for
the measurement of the 85/87 ratio, for a (N/S) ratio of 5
the error in the (N/B) ratio is about 4.2%. Magnification of
error from improper spiking can be very serious. Gross oer-
spiking of the order of (N/) = .05 can also result in large
errors because of the 1.7% of Rb 8 5 in the spike.
4. Strontium A nalyses
Measurement of isotoe ratios: For whole rock samples only
slightly enriched in radiogenic strontium, measurement of the
Sr 8 7 /Sr 6 ratio is the determining factor in precision. To
evaluate this, one unspiked whole rock sample was run in
triplicate. Table 2 shows the analytical results.
The most striking observation here is that the standard
error associated with the actual measurement of tho@atios is
considerably smaller than the actual spread of the triplicate
determinations. This effect is probably due to fractionation
which varies from run to run depending on matrix effects in the
sample load, filament temperature, size of sample load, etc.
Table 2.
Results of Triplicate Strontium
Isotope Ratio Measurements
Normalized
Rur 86188 87/86 876- ./8
1 .1187.oo0004 (m0.34%) .7959.0010 (to.125%) .7936
2 .1198t.0027 (*0.23%) .7906±.0011 (*0.134%) .7920
3 .191.o00014 (*0.12%) *79381.0094 (o0.o5%) .7929
Mean .1192+-.00032 (*0.27%) .7934.0016 (t0.2a%) .7928
Standard deviation (0.48%) (*0.34%) (i±l%)
of a single analysis
If it was just simple fractionation, one could normalize the
ratios to a constant value of 86/88 and expect to improve
the precision of the 87/86 ratios. In this particular trip-
licate, normalizing to an 86/88 ratio of .1194 resulted in a
marked improvement ( a factor of 3) in the standard deviation
and standard error of the mean of the triplicate. The mean
87/86 ratio remained essentially unchanged by the normalizing
procedure., The procedure assumes that mass fractionation is
responsible for run-to-run variations in the ratios and this
is no doubt partly true. In a series of four runs on a stan-
dard strontium carbonate done by project members,normalizing
again improved the precision of the mean and of a single
analysis, while not changing the mean itself. (.7119-n.7122)
Many more replicate analyses would have to be made to justify
normalizing as a routine procedure.
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Standard Normalized
Standard Error of the Mean 0 .... * 4 .05f
Standard Deviation *0.24% *0.10%
Another point demonstrated by this triplicate analysis
is the better precision of the 87/86 ratio as compared to the
86/88 ratio. This is a function of the smaller seep interval
from 86 to 87 and is one reason why a Sr 8 6 spike should be
better than a Sr084 spike for isotpe dilution analyses.
It may be concluded that a *.5% error routinely attached
to isotope ratio measurements is justified and conservative.
This depends of course on the quality of the rn. The above
triplicate represented three average strontium ratio rulns,
whereas poorer runs occasionally have to be used.
The effect of this isotpe ratio error on the calculated
fraction of strontium 87 which is radiogenic can be shown
simply as & F? 70F - O Ronec-
W 7 t-/% .R1P/oeenlc.3
For a sample 10% enriched in radiogenic strontium (87/86 -.79)
and assuming a 0.5% error in 87/B6, , the error in the fraction
of radiogenic, is 4.5%. If the sample is 100% radiogenic,
there will be no error involved in correcting for common stron-
tium contamination. The advantage of making a separate un-
spiked run to determine the radiogenic fraction, when this is
small, is easily illustrated. An unspiked sample 10% enriched
/o
in radiogenic strontium is only about 7.7% enriched when
spiked in a 1:3 ratio (n/ S3). The error then becomes 6
as compared tO 4.5% for the unspiTced run, The actual dif-
ference between the radiogenic strontum determination in
spiked and unspiked runs on three samples averaged 11%.
These samples were all better than 10% radiogenic.
Very few replicate determinatimon are available in
recent project history to assess properly the accuracy of
isotope dilution strontium runs. Four repeats on the stan-
dard biotite (Sixth Annual Report, 1958) gave a standard de-
tation of 6.0%, Same of this variability y be caused by a
varlble strontium blank, as the radiogenie strontium 87
analyses showed an error of only 2,8,. As a working estimate,
an error of t3% is assumod to be realistic.
It may be pointed out that the spiking of strontium
analyses iS also somewhat critical in regard to magni;riation
of ratio measurement errors, in that the Sr8 spike used coa-
tains 28% Sr8,. In this case it is overspiking, not under-
spiking, hich is seriaous. Por example, if (/S) = 0.35,
the error in (N/S) due to an error in the isotope ratio is
approximately doubled. No significant magnifiation results
from underspiking, for (/S)(<10.
5. Sew of Errors in Dete Ae Ages
The following are the error estimates applied to the
ooncentration ratios Ar/ and Sr/Rb in normal Muns.
Precision
(sP r87=.1.2)
S */Sr 7 5) t1rr
(Biotites)
(Hornblendes and pyroxenes)
Accuracy &
Precision
18%
*3%
(isotope dilution &
separate isotope ratio)
(isotope dilution only)
(K by flame photometer.)
(K by flame photometer)
/of,
i/o,
E. Values of ConLstanfts Used
IsotoP At2uance
S e 0.585 x 1o0 yrS *.30 x 10"10y-1
b87  =1.47 x 10"11yr "I
U23 8  A=1.54 x 1-10lyr" I
U23 5 -= 9.72 x 1010yr"T
Th232 X 4.99 x 1011 "I-1
1.22 X 10 " g/s K
0.283 g/g Rb
0.993 g/g U
0.0071 g/g U
1 9/g Th
Comaon strontium 87 abundance = 0.0702
Air argon, 40-36 ratio
eM constants
= 296
/I/.
Appendix U: Diffusion Brffcts in Isotone Ag Dating
A. TheoreticaI Considerations
1. IXntroduction
It is the main premise of this thats that discordant
isotopic mineral ages can most often and most easily be ex-
plained by daughter product diffusion under the influence of
thezral metamorphism. This not only offers the most plausible
physical interpretation, but provides a direct quantitative
path to understanding the almost complete combination of age
discordances which have been found by different methods on
various minerals.
2. Diffusion
It was first suggested by Einstein that the virtual
force acting on a diffusing atom or ion in a binary solution
is proportional to to he negative gradient of the tdeical po-
tential. This may be expressed as
where P is the force on particle i in the x direction and N
is Avogadro's nuber. Defining a "coefficient of mobility"
Bi (the velocity of the particle per unit force) gives for
the velocity of the particle
O) -. c 6 3(5 2.
The diffusion flux then is
5< 3.
whereN is the of mols of pr unit vo
where C is the nuber of moles of i per unit volume.
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In the limiting case of ideal solutions where concentration
is proportional to mole fraction
AL = RT C
and
where Di, the "diffusion coefficient",b s  its equal to
Equation 4. is equivalent to Pick's Law, a phenomeno-
logical law postulated by Adolf Pick in 1855. This law is
the basis for most quantitative descriptions of diffusion pheno-
mena. Pick's law has been shown experimentally to be valid
for sufficiently low concentrations and concentration differ-
ences. In the form (j j) it is readily aMbrable to math-
ematical solution for a variety of geometric shapes and boundary
conditions. To gain an understanding of the effects of non-
ideality on the diffusion coefficient, it may be evaluated in
terms of thermodynamic properties. Comparison of equations
3. and 4. gives for Di
RTB 9L + \X 5.
where Bi can be said only to be some function of composition
at constant F and T; and Xi is the mole fraction. This
reduces to the Di of equation 4. for ideal solutions where
A. lteratively, 2lcan be very large and have little
effect on Di as long as Xi is small, as it is for most cases
to be considered. However, most of the natural systems to
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be considered are not binary, but multicomponent systems,
and extrapolation of equation 3. to multicomponent systems
cannot be justified a priri. For a component in a ternary
system, for example, equation 3. should be written
J= , R , + L v/ + R1 9 X 6.
There is no real justification for believing that only the
coefficient R1 1 has a nonzero value. However, it will be
assumed here that the diffusion flux of a given component is
independent of the chemical potential gradients of other com-
ponents.
Phase Equilibria
An understanding of thermodynamic equilibria is essen-
tial to the meaningful interpretation of "age discordancies".
Consider an assemblage of phases in a closed chemical system.
At equilibrium, for a given value of temperature and pressure,
the compositions of the phases are determined uniquely regard-
less of the number of components, A change in P or T requires
that either the composition or relative masses of the phases
must change, if equilibrium is to be maintained. The distribu-
tion of K, Rb, Sr and Ar between phases in equilibrium, then,
is a function of p and T (and initial bulk composition). A
change in P or T will require some redistribution of these
elements. It is this redistribution during metamorphism
which is of interest in the interprdation of mineral age dis-
cordancies. Qualitatively, redistribution of the parent elements
1/Vy.
K and Rb should be less than that of Ar and Sr. This is
because the parent elements probably reached an equilibrium
distribution initially, during formation of the assemblage.
A small change of the K and Rb concentration in each phase
will establish equilibrium again after a change in P or T,
whereas gross changes in Sr and Ar are necessary to establish
their equilibrium distribution. The criterion of distribu-
tion equilibrium is that the chemical potential of a component
be equal in all possible phases. For ideal solutions this is
equivalent to K ) t
(Nernst distribution law, Ni the concentration or mole fraction
of i in phases pX and 8.)
The equilibrium distribution for argon is one in which
most of the argon occurs as a gas phase in grain boundaries and
possibly in the structural holes of some minerals. If the
system is open to argon most of it will eventually escape to
the atmosphere, where its chemical potential is lowest.
Potassium
Potassium in minerals like hornblende and pyroxene
might undergo marked changes, especially if the stability
limit of a coexisting potassium-rich phase is exceeded. The
potassium in feldspars and ncas is nearly stoichiometric,
so it would change only slightly. For example, in thety
pure biotites of varying composition analyzed by Phinney
(1959) and Brownlow (1960), the potassium concentration varies
over a total range of 20%.
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Rubidium
The extent to which the distribution coefficient of
rubidium varies with changes of P and T might be estimated
by measuring this ratio for many rocks formed under varying
P-T conditions, A tabulation of available measurements of
the rubidium concentrations in coexisting miinerals indicates
the effect of P and T oh this distribution coefficient to be
relatively small.
No. of
K"b Ksr Pairs
Biotite
Re ar 3.2 - .9 (.01-.8) 10
Biotite
Muscovite I .7f 6 (.07-2.0) 7
(Standard deviation error shown)
Since this sampling represents rocks of different bulk compo-
sition, the above should represent the maximum variability of
KRb in a rock of fixed composition. It seems likely then that
the rubidium content of biotite, muscovite and feldspar will
not change by more than 35p during metamorphism unless the
system is open to rubiditum.
Strontium
By virtue of the different geochemical affinyties of
rubidium and strontium, measurable radiogenic strontium usually
is produced in those minerals in which its chemical potential
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is high relative to that in coexisting phases. The distribu-
tion coefficient of common strontium indicated by the tabulation
above is extremely variable. (This may be accounted for in
part by i priies in the analyzed phases and possibly by
non-ideal behavior o stronti-aZu in :lnerals like biotite.)
Also, in the case of strontium, the criterion for equilibrium
is the equality of the cheemical potential of each ipotop in
all phases, In addition to concentration changes caused by
the change of KSr with P and T, there will be the change in
radiogenic strontium concentration needed to bring about
isotopic equilibrium, For a case where KS, does not change,
only diffusion of radiogenic Sr 7 need be considered. If
the radiogenic Sr87 occupies a different site in the mineral
from the common strontium, there may also be a chemical poten-
tial gradient within the mineral itself.
Consider the case where only diffusion of the radiogenic
component takes place. This must be treated mathematically
as a two phase problem because the concentration at each phase
surface is a function of the difftion parameters of the co-
existing phases, and of the distribution ratio of the strontium.
If K is the equilibrium distribution ratio P ~ and 94
and 9 are the diffusion coefficients of phases 0 and/S res-
pectively, the concentration at any point x from a plane
phase interface in an infinite cylinder may be written as
(Jost, 1952)
/ I7.
o A 4 4for phase(
C2 C for phase3
The overall rate of diffusion is controlled by D+
or D. whichever is smaller., The diffusion lomn of strontium
from biotite, then, may depend very much on the nature of the
coexisting phases and it is not enough to merely specify the
diffusion parameters of strontium in the biotite. Useful
information concerning the relative values of D V DI...D
could be obtained by analyzing the strontium and rubidium in
the phases of an assemblage which had not reached equilibrium
during a period of metamorphism. Data is available in one
such case (H. W. Fairbairn, personal communication) from the
Sudbury, Ontario dbtrict. Several samples show evidence of
having reached equilibrium during a metamorphic period ct
1.2 billion years. The criterion for this equilibrium is a
mutual intersection of biotlte, feld spar and whole rock
radiogenic growth lines at 1.2 b.y. One sample (3094) shows
discordant mineral ages but no mutual intersection. The Sr
87/86 ratios of the whole rock, feldspar and biotite from
this sample are all greater than 0.82 (at 1.2 b.y.). Hlowever,
the 87/86 ratio in garnet is less than 0.72, suggesting that
the diffusion coefficient of strontium in garnet is smaller
than that in feldspar or biotite
hr
Effect of Cor oitional Chane
It is clear that the diffusion loss of argon and stron-
tium from minerals will be influenced by compositional changes
made in response to changing environmental conditions, Consider
the assemblage biotite-magntite-maetite-K feldspar. Very slight
changes in the temperature or partial pressure of oxygen will
require that an equilibrium biotite change composition (this
itself being a diffusion process). Loss of strontium or argon
then will be taking place in an unstable or changing structure,
and under these circumstances their diffusion rates may be
much higher. The mineral phases with the largest stability
range would be least affected by metamorphism. As Wones (1960)
pointed out, muscovite-feldspar assemblages are stable over
large variatfrins of T and P compared to biotite, and this may
explain the fact that muscovites frequently show older ages
than biotites. All iron-magaesium minerals would -be specially
sensitive to P-T changes in assemblages containing other I ron
or magnesium minrals.
/q.
B. Argon Diffusion Expriments
1. Calculation and Treatment of Data
Mathematical Description of Argon Diffusion
The concern here will be only with the presentation,
solution and numerical evaluation of Pick's Law for those
geometries and boundary conditions which best apply to the
diffusion of argon under natural and experimental conditions.
These solutions will be used in the next section to describe
the results of laboratory diffusion experiments and, later,
as an aid in interpreting the results of field age measurements.
For a homogeneous phase with uniform initial concen-
tration of argon and uniform concentration of argon at the sur-
face at all times (taken equal to zero), solutions of Fick's
Law for a sphere, infinite cylinder, and infinite sheet are
readilycbtained. (Jost, 1952; Barreg, 1941; Crank, 1956).
These have been converted into solutions in terms of F, the
fracton of total argon released at any time t.
Sphere
where a is the radius of the sphere.
This series coverges rapidly for large values of F,
and one term is sufficient for F>0.85. Three terms are suf-
ficient for O.4(F<0,60. Below F=.4, convergence is very slow.
Reichenberg (1953) obtained an approximation, accurate for
O(F40,85, by using a Fourier Integral transform which gives
/20.
F
(since P always appears together, the substitution B a
is generally made.) For values of F<.Ol, we need use only
the first term of equation 2, or
Bt. 86 2F 3.
Infinite Cylinder (This refers either to a cylinder
of infinite length, or a cylinder with sealed, impermeable
ends.) 4
where r is the radius of the cylinder and are the roots of
theequation jolx)-u . 1o(.,) is the Bessel function of zero
order (C= 2.405, 5.520, 8.654, 11.792, 14.931,...). For
P>0.6, this series converges in one term; for values of
P<0,02, the series can be approximated by
6.
Infinite Slab (or slab with impermeable edges)
rZ- L- M d4 7.
where '=  and L is the half-thickness of the slab. Here
one term is sufficient for F,.36, and for F<.03 the series
can be approxixted by
\f F 8.L F
C - t a 7.7( FA
Fig, 8 shows the numerical solution of these equations
as values of F versus Bt. Tabulation of some of these values
is found in Reichenberg (1953), Serin and Ellickson (1941),
Andrews ardJohnston (1924) and Darken and Gurry (1953).
Treatment of erimental Data
Data received from diffusion measurements is usually
in the form of the "fraction of argon released" at a given
temperature for a given length of time. In general, measure-
ments of the "fraction released", F, are made at four to
eight time intervals, giving four to eight P versus t experi-
mental points. Using the curves of Pig. 8, a value of Bt is
read off for each value of F, using the appropriate geometric
model. These values of Bt are than plotted on linear graph
paper versus the time corresponding to the particulab measure-
ment of F. If the argon is diffusing at a constant value of
the diffusion coefficient, the points will fall on a straidt
line intersecting the origin. The slope of this line, B, is
related to the diffusion coefficient by -irV. Conversion
can then be made to determine D, taking care to express the
time in seconds. In actual practice, since the effective
radius for diffusion of argon in minerals is not known but
can be shown to be often smaller than the actual physical
size, the measurements here will be reported as values of
(D/a2). In this way, no artifiecial bias is introduced.
Consider the more general case where the argon in the
mineral occupies several different structural positions, with
0 1.0 20 3.0 4.0
BT
FIG. 8 - DIFFUSION CURVES FOR THE SPHERE, CYLINDER, AND SLAB.
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a different activation energy associated with each position,
As the mineral i heated isothermally, argon from successively
higher activation site is released, the least tightly held
argon coming off first, On the graph of Bt versus t, the
experimental points will fall on intersecting straight line
segments of successively smaller slopes (values of D/o - )). If
the slopes are less than a factor of ten different, there will
be very little curvature in the intersection region. However,
for large differences in slope, there may be an appreciable
curved region between the segments. Since the argon being
released at any time is a mixture of argon from several
sites, a correction must be made for this when calculating
D/a 2 for each segment. For a given segment this is done by
extrapolating back the next segment and obtaining the dif-
ference. By such successive corrections it is also possible
to tell the quantity of argon held in each position, except
in those cases where the measurements were not extended far
enough to pick up the next break in stpe. When calculating
the fraction atof argon released fr each position, it must
be remembered that this is the fraction of the total argon in
a particular site, not of the total argon in the sample.
It is usually possible to correlate the various line
segments from one temperature to another by calculatbrn of the
quantity of argon represented by each segment. This then
allows a calculation of the activation energy corresponding
to argon diffusion from each site. it should be noted that
the calculations and treatment of data above assume that the
argon in each structural site can be considered independent
of that in other site. e* eTu xprimental curves are entirely
hokistnt with this interpreasion of non-coupled volume
diffusion from different structural sites. The curves also
may be consistent with a different interpretat;n.
In many cases the points do not define the slope of
a given line segment. This is usually true of the initial
seg~ent. Lines have been dranr on the graphs to connect the
points. These lines may not be unique.
In lieu of information concerning the actual diffusion
symmetry of various minerals, all calculations are based on
a spherical model. This would introduce less than a factor
of two error should micas actually have cylindrical symmetry.
Recalculation of the data to a cylindrical or sheet model
is straightforward.
2. Radioactive Afon ,Countin& Method
Introduction
Initally it was felt that the use of radioargon as a
tracer in diffu6ion experiments provided the easiest and tmost
sensitive approach for studying difafusion of argon in natural
minerals. Argon has three radioactive isotopes, 35 day Ar3 7
260 year Ar3 9 and 1.8 hour Ar 41 all of which can be produced
in usable quantities by irradiation in a nuclear pile. The
following are possible production reactions:
caO(nto) Ar3 7
396 ( Ar',39
A4oa) tA
tI(nor) Ar'
ReIynods (1957) used Ar39 to masure the dTsfuson
rates of argon in a K-Ca-Silica glass, and recently Poohtig
used Ar37 (1960) to measure the diffusion coefficients of
argon in fluorite, anorthite, augite , and margarite. The
method used by leehtig is sufficiently sensitive that he
was able to measure the diffusion rate of argon at room
temperature.
Preliiary results obtained on orthoclase and glau-
conite are reported in the follOwing pages. The results ob-
tained on orthoclase were quite satisfactory, but for several
reasons further investigation was disontinued in favor of
mass spectr;metri analysls. First, gas purification was
found to be necessary for the glauoonite, nullifying one of
tho main advantages of the method. Most important, the basic
question of how much geologic applicability the measuremnts
allow could not be answered without considerable effort . That
is, neutron irradiation produces damage to the mineral struc-
turej the argon which is formed then is not only difftsing
in an atypical structure, but may also be originating from
atypical structural positions. Later mass; spectrometric studies
have shown that natural radiogenic argon occupies several types
of structural sites with a oharacteristic activation energy
-~- ~l^- ~- lil-I-ar ~ ^LP/2r~.
assoctated with each. Since the primary purpose of these
diffusion studies is to provide quantitative data for under-
standing the loss of radiogenic argon from natural minerals
under conditions of theal metamorphism, it is imperative
that natural conditions be approximated as closely as possible.
A comparison of the preliminary results that were obtained by
radioactive argon counting and by mass spectrometric analysis
of radiogenic argon is of interest and is presented in a
later section.
Apparatus for ountig Speriment
The initial experiments were carried out using argon 41
activity, with later conversion to argon 39 intended. A glass
vacuum system was constructed consisting of an Inoonel fur-
nace, connected by tapered seal joint to a gas train con-
sisting of a mercury manometer, pirani gauge, charcoal traps,
cold finger, and glass counting volume. The counting volume
was surrounded by two inches of lead brick and shielded from
the furnace by six inches of lead. The background co ing
rate was about 50 opm with an active sample in the furnace,
using a lab monitor G-M tube in the counting volume. The
total argon 41 activity in the sample at the start of a run
ranged from 1500 to 10,000 cpm, depending on the irradiation
time. The Inconel fureace was externally heated by a resias-
tance heater wound with 20 feet of 40 mril Kanthal A wire and
insulated with magnesium oxide and nickel shields. Tempera-
tures of 12000 C could be obtained, and were continuously
recorded on a Brown "glectronik" recorder using a platinum,
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platium-10% rhodium thermocouple inserted between heater
and inconel tube,. Temperatures could be read to ±20 C, and with
no regulation on the heater, could be maintained to ±-10 C
for periods of several hours. The thermocouple was frequently
replaced and calibrated at the melting point of pure copper,
During heating up there was a time lag of several minutes be-.
tween the temperature readings and the actual sample tempera-
ture.
Procedures for counting Ezprier nts
ight to ten grams of sample were sealed in a plasticene
tube and irradiated with fast neutrons in the M.I.T. cyclotron
for times ranging from ten minutes to one hour. After a two
hotur activity cooling period, the sample was transferred to
the Inconel furnace, then a grease seal Joint was made, vacuum
pulled, the system isoted, and the sample heated in about 15
minutes to the desired temperature. The counting rate of the
released gas was determined periodically by taking minute inter-
val averages of the activity registered on a counting rate
meter. Background was chcPked frequently by pulling the gas
out of the counting volume onto a charcoal trap at liquid nitro-
gen temperature. Measurements were continued until the decay
rate was greater than  the diffsion rate then either a higher
diffusion temperature was established or the sample was fused
to release the remaining gas activity. After final fusion, the
activity was followed for several hours to determine the half
life and to demonstrate that the measured activity was due to
argon 41.
II-F~-~PI-. .i~_Y1I
Feldsar l2eulte
Pig. 9 shows the measured activity (10 minute irradia-
tion) during heating of an 11 gram sample of othoolase perth-
ite from a syeaite at Massey, Ontario (Sample No. P3802). The
sample was sized at +200. The median grain size was about
200 microns. Fig, /O' shows the fraction of axgon 41 released
versus time for two temperaturus, 7950 C and 10o400 C. The
fraction released was obtained by extrapolating the final activ-
ity to time zero, correcting for backgrou and making a ratio
with the activity at a given time. Using the curve of the
solution for the spherical diffusion equation (see previous
section), values of Bt are calculated for each experimental
point. These are plotted as a function of time in Pig.//.
PPr volume diffusion from a stable isotropic sphere,
the experimental points should fall on a straight line intersect-
ing the origin. In actual practice, due to the "heating-up"
time, the experimental curves do not intersect the origin. The
portion of the curves labelled A is interpreted to represent
loss of argon at a single value of the diffusion coefficient
by true volume diffusion from a stable structure. The curve
labelled B at 7950 C can not be assigned to diffusion from
a different structural positions as this eould only take place
with smaller values of the diffusion coefficient (i.e., line
of lower slope). The segment B must be related to a change,
or changing of structure, and may be due to mixing of the two
phase feldspar. To test this possibility, samples were heated
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at 810o, 9000 and 10500 for times up to 45 minutes. X-ray
diffraction measurements were then made of the (501) reflec-
tions of albite and orthoclase. None of the heated samples
showed any significant change in composition and the relative
intensity of the orthoclase and albite peaks stayed the same.
This indicates that mixing did not take place to a measurable
extent. Tuttle and Bowen (p. 23, 1958) found that low tem-
perature alkali feldspars could be homogenied in from 4 to
40 hours at 9 000 C, providing the feldspar was greater than
60% orthoclase component. It is possible thbn that slow
mixing, in terms of days rather than hours, is responsible
for the abrupt increase in the argon diffusion rate of segment
B, This would mean that the curve A for 10400 C actually re-
lates to an unstable structure, but one which is changing at
a constant rate. It is noteworthy that no increase in dif-
fusion yte similar to curve B was found for diffusion of
natural radiogenio argon from the same feldspar (see next
section). This suggests some other explanation for curve B
possibly relating to effectzs caused by the neutron irradiatimn.
It should be noted that there is no evidence for
diffusion of argon from more than one activation site, as is
the case for natural radiogenic argon. Also, it is clear
that the diffusion coefficients as determined at the two tem-
peratures, cannot be used to aLeulate an activation energy,
since the structure, and possibly the effective diffusion
radius, is different at each temperature.
Fig./2 shows the measured activity of gas released
during heating at 5900 C of 8 grams of glauconite from the
Franconia formation (G3280), This saraple was irradiated for
one hour. Here the decay rate of the activity indicates the
presence of? a contaminating gas of shorter half life. Chlor-
ine is the only gas with isotopes of a half life which would
fit the obsorved activity. 37 minute C138 could be produced
by a K41(n$,) 0 138 reaction and it would have to be at least
as abundant as Ar'I to produce the observed sfPe. This partic-
ular run was made without a charcoal trap or cold finger
open to to he gas. When the gas was later absorbed and released
from a charcoal trap the activity immediAtely changed to a
1.8 hour decay slope, indicating retention of the contaminat-
ing gas on the charcoal. It is also evident from Pig. /
that relatively more of the shorter-lived activity is released
after heating to 8500 C, suggesting that the diffusion rate
of the argon 41 is higher than the diffusion rate of the
other gas.
No calculation of a value for the diffusion coefficient
of argon in glaumonite was made because of the uncertainty
introduced by the contaminating gas activity.
34 Radiaict Arpn Mass SpeOtz vmtria Method
Introduotton
Diffusion measurements have been made on samples of
hornblende, pyoene, muscovite and orthoolase perthite. The
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measurements were made using the natural radiogenic argon
contained in potassium minerals rather than artificially pro-
duced radioactive argon. This method is considerably less
sensitive than the counting method. The counting method can
measure Ixl 10' 4 std cc radioactive argon 41 with the same
accuracy that lxlO"7 std cc of radiogenic argon can be measured
mass spectrometrically. For this reason the following experi-
ments were carried out at relatively high temperatures where
diffusion rates are high. Most measurements were made in the
range 6000 c to 10000 C. These temperatures are somewhat
high with regard to geologic application, but important obser-
vations regarding mechanisms of diffusion and relative diffu-
sion rates in different minerals can nevertheless be made.
Extrapolation of Us data to temperatures of geologic interest
is justified in some cases.
The procedure involved isothermal heating of the samples
in a vacuum. Under these conditions the hydrous minerals are
unstable with respect to water loss. The effect of this on
argon diffusion is unknown, though in one case it was shown
to be small by heating a muscovite under high water pressure
in a bomb.
Apparatus
The apparatus used for radiogenic argon diffusion
experiments is the same as that used for argon age studies,
though it was specifically designed for diffusion experiments.
A general description can be found in Appendix I. Temperatures
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were measured using two Pt, Pt-lO% Rh thermocouples; one
above the sample and one below it. The difference in the
two readings, as measured on a Brown recorder, was usually
less than 100 C. Larger differences usually indicated deteri-
oration of the top thermocouple which was in very near prox-
imity to the sample. Calibrations against the melting point
of copper were made prior to each run. Temperatures were
maintained to *100 C over periods up to 48 hours, with no
regulation on the furnace power.
Procedure
A sample charge of one to ten grams, contained in an
alundum crucible, was placed in the furnace and pumped on
overnight. It was outgassed for one to four hours at a tempera-
ture of 2500 C to 3500 C. The furnace system was then isolated
from the pumps, the first spike added, and the temperature
raised as quickly as possible to the desired level. As soon
as the diffusion temperature was reached, the first cut of
gas was taken as follows. The gas plus spike mixture in the
furnace volume was expanded into the purification line whose
volume is roughly equivalent to that of the furnace. After a
few minutes equilibration, the stopcock to the purification
line was closed, the time recorded, and gas purification
procedures started. At the same times, the furnace volume was
pumped for one or two minutes to remove the remainder of the
"first cut" before collection of the second cut was started.
There was never more than 2% loss of the second cut due to
this pumping procedure. As soon as collection of the second
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cut was started another spike was added. All succeeding
cuts were taken in the same way. The minimum interval be-
tween them was set by the time needed to purify and analyze
the previous cut on the mass spectrometer, bake the titanium,
and pump out the purification train. UsiAg this procedure
it was possible to keep the sampe le heating continuously,
with no cooling periods necessary. Occasionally the early
cuts of gas were stored on charcoals to allow collection at
shorter time intervals, The procedure is tedious and demands
almost constant attention. For this reason most runs were
limited to to hirty to fortyto or y hours. For the final cut, a spike
was added and the temperature increased to the fusion point,
where any remating argon was released.
Accuracy of the measurements varies widely, being
+2% at best and possibly +50% at worst, depending primarily
on the amount of air contamination. No significance can be
attached to the amount of air argon measured since most of it
does not come from the sample but from leakage into the
furnace.
Diffusion in PFedsVr
Diffusion measurements were carried out on Samfe
P3802 at temperatures of 8150 C and 9600 C. This is the same
orthoclase perthite that was used for the radimtive argon
measurements. Table 3 shows the analytical data for the two
runs. Fig, 13 shows the data plotted as values of Bt versus
t for each temperature.
Table3
Analytical Data for Feldspar Diffusion Runs
Temp. oC. Cut No. z t (min.)
Ddiogenic
ArV (cc stD/k)
Fraction
of Total
.Bt
(spherical)
300-810 1
815 2
815 3
815 4
815 5
1110 Fusion
2 gram sample
400-940 1
960 2
960 3
960 4
960 5
960 6
1120 Fusion
-10 gram sample
35
82
238
378
638
(30)
19
75
184
330
584
1318
(30)
1. 4xl0- 4
0.360
0.210
0.0966
0.131
2.58
1.40x10-4
1.76
1.98
2.07
2.20
4.78
relative ratios measured
only - no absolute stan-
dard used.
0.293
0.368
0.413
0.433
o.461
1.0
0.450
0.525
0.620
0 .720
0.837
0.885
1.0
0.088
0.147
0.191
0.214
0.247
0.234
0.340
0.522
0.798
1.32
1.67
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FIG 13- FELDSPAR DIFFUSION CURVES , 815 0C,9600C.
8150 C Results
At 3150 C the points defina a curve representing contin-
uously decreasing values of (D/a2 ). No significant straight
line portions are evident except for the last two points, which
seem to be approaching a straight line asymptote After sub-
traction of the argon from phase II, the points on the curved
portion show a reasonable fit to a volume diffusion law, It
is interesting, however, that they also fit a relation of the
type V Ar -Ar) where Aro is the initial argon content, Ar
the amount discharging at time t, and CN an arbitrary constant.
This can be integrated to express it in terms of the fraction
released = (l-j t). Fyfe (1958) found that hydration-dehydra-
tion reactions usually fit an expression of this type. He con-
cluded that the rate controlling factor was one of surface or
sorption phenomena. It is possible that the initial discharge
of the 30% of argon from phase I ic a desorption process rather
than a viume diffusion process. This possibility remains to be
tested.
In general, when argon is observed diffusing from more
than one site, it will be designated as phase I, phase II, etc.
in order of appearance.
In addition to the relatively rapid loss of the phase I
argon, the curve approaches an asymptote which is believed to
represent argon from a second phase, Calculations show that
there is about 31% of the total sample argon in n phase I and
approximately 50% in phase II.
96o00 C Results
The points at this temperature define three straight
line segments, with only a maximum slope assignable to segment
III. The quantity of argon represented by the rapid loss et
segment I was calculated to be 32%, and so can be correlated
with phase I of the 8150 C curve. Phase II contains 4b% of
the total argon and can be correlated with phase II of the
8150 C curve. Only the first part of phase III was picked up
so only a maximum can be assigned to its diffusion coefficient.
The following table gives a summary of the calculated results,
including a calculation of the activation energy for phases I
and II which were recognized at both temperatures, Inherent
in this activation energy calculation is the assutmption that
no structural or phase chatges occur between the two temperatures.
Foldcspar DiffsioU Results
Activation
81-5 C 29600 C Energy
Phase Fractioln a2  Fractio /a (per mole)
1 31% 5.6x10-sec"-1 32% >2.2xlO'sec --15 Kcal
II A50% 2.5x0 sec 1  48% 3.2xlO 6se "  46 Kcal
III not observed <20% <4.7xlO"7 see"-
The activation energy of phase I is approximately
the same whether one assumes a diffusion law or a desorption
law. The existence of such a large proportion of loosely held
* The term "activation energy" as used throughout this thesis
is defined by the relation =ce p(-/) , where Do and R are
constants and Q is the activation energy.
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argon in feldspar suggests a correlation with the mica-feldspar
age discrepancy. The same mechanism that caused 30% of the
argon in this sample to be in a low activation site might also
have caused as much again to be in a lower activation site,
from which it has been subsequently lost at earth surface
temperatures. Such a mechania undoubtedly has something to
do with the unmixing of the perthite. Sardaro (1957), in
comparing the agez of coexistig micas and feldspars, found
the feldspar age always lower and showed a definite correlation
between the difference in age and the "extent of perthitiza-
tion' ". The fact that sanidines seem to give reliable ages also
suggests a mechanism relating to perthite formation. Since
un.ixing takes place relatively soon after crptallization,
when very little argon has been formed, it is difficult to
see how the actual unmixing process could be responsible for
large losses. The formation of perthite would certainly
result in a decrease in the effective grain size for diffusion
but this in itself is not sufficient to cause large losses.
The data on diffuion of radiogeric argon in
feldspar is basically different from that obtained by the
radioactive argon counting technique. First and most important,
there is no loosely-held phase I apparent in the radioactive
argon data; in fact, there is no suggestlon of the presence of
more than one phase. This would Deem to eliminate the possibilty
that the appearance of three distinct phases in the radiogenic
experiments was caused by the heatng rate, structural changes
during heating, or any experimental variable. When argon is
(93-
produced in a mineral by neutron irradiation most of it should
remain in a single site, that of the parent nucleus (in this
oase potassium). It is not surpriWang than that only one
phase was recognized in the radioactive argon experiments.
By the same token, radiogenie argon should form initially in
a single site and it must be redistributed by sme later process.
Disregarding the loosely held phaae I, it is also
apparent that the radiogenic argon in phase Ii has a diffusion
coefficient an order of magnitude smaller than that of the
radioactive argon. This difference could be accounted for by
the effects of the neutron irradiation on the mineral iructure.
Measurements of diffusion phenomena made th radioactive argon
would seem to be of little direct application in the interpre-
tation of geologic age problems.
The sample used for these eamr nta , R4067, is
from one of the Colorado contact zone sultes. It was shown to
have remarkable argon retentivity by ompariseon with K-Ar and
Rb-4r ages on associated biotite. The sample is vejry pwe
hornblende and was crashed to a grain size ranging from 140
to 300 micron., A split from the same sample was then ground
further to a size ranging from 44 to 53 mrarona* Diffusion
measurements were made at 6450 C, 8550 C and 870 C. The ana-
lytical data is presented in Table 4 . FZgap/ and /53 show
the data plotted as Bt versus t values. The relatively low
argon content of this hornblende, coupled with very small diffu-
sion coefficients, res4ted in low accuracy for the meurements.
Table4
Analytical Data for Hornblende Diffusion Runs
&8 diogenic
Ar (cc stp/g)
.mL . ~, 0 . -- -
300-650 1
645 2
645 3
645 4
845 5
1150 Fusion
8 gram sample
200-855 1
870 2
870 3
870 4
870 5
870 6
1140 Fusion
6 gram sample
300-840 1
855 2
855 3'
855 4
855 5
1130 Fusion
4 gram sample
60
326
1261
1603
1723(20)
30
152
309
384
586
1466(16)
50
140
244
354
(1n)
-6
1.05x10lO
0.116
0.295
(0.180
0.258
62.9
2.70x10'6
0.257
0.492
0.120
0.697
1.00
56.5
2.19x10 -
6
0.292
0.356
0.0372
0.830
57.1
ZAr 4 0rSAr
-6
1 .05x10
1.17
1.46
41.64
1.90
64.8
2 .70x10
-
6
2.96
3.45
3.57
4.27
5.27
61.5
2.19x10
-
6
2.482
2.838
2.875
3.705
60.8
Fraction
of Total
0.0158
0.01753
0.0220(0.0246
0.0388
1.0
0.0439
0.0481
0.0561
0.05800.0694
0.0855
1.0
0.0360
0.0408
0.0467
0.0472
o.o61o
1.0
Bt
(spherical)
0.000215
0.000265
0.000417
<0.000522
0.00133
0.00171
0.00204
0.00281
0.00300
0.00433
0.00660
0.00115
0.00147
0.00193
0.oo00197
0.00332
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650 0 Results - Coarse Praction
Within the limits of error the points define two linear
segments. Phase I corresponds to a rapid loss of about 1.4%
of the total argon. Phase I represents an unknown portion
of the total sample argon and shows a very small value for the
diffusion cofficient.
87o0 C Results - Coarse Praction
At this temperature the polnts also define two linear
segments. It should be noted in all these cases that the slope
of phase I can be assigned a minimum limit only. On account of
the very rapid loss, mea amente Could not be made at small
enoush intervals to define the slpe. The proportion of argon
in phase I was 3.3% at this temperature. Whether phase II con-
stituted the remainder of the argon or not cannot be determined
since only a total of 6% was released. A run at a a~nh higher
temperature would be needed to establish the proportion of argon
in phase II.
To establish a limit for the effective diffusion radius
of this hornblende, the finely crushed sample was run at nearly
the same temperature, 8550 C. From Pig. /5 it is apparent
that the value of D/a2 for the two runs is very similar.
However, in this run there was les loss from phase I (2.3%),
as opposed to 3.3% in the 870 ooarse fraction run. This
could be interpreted as partial loss of phase I during the
grinding. However, since phase I was only 1.4 at 64 o , this
interpretation is questionable. These two size fractions dif-
fered by a factor of 20 in their physical (a2 ) value but gave
values of (D/a 2 ) which were almost the same. (Actually the
fine size D/a2 was 50% larger). This is oonsidered conclusive
proof that the effective radius for diffusion in this horn
blende ia less than 30 microns. The average physical radius
of the hornblende, as measured in thin ection,, is about 500
microne.
orriblende Difusion Results
64 c 8700c (e6are) 85C"CO (fins)
fraction in
phase I 1.4% 3.3% 2.3
D/a2 phase I > 4.8x10seC-1  72.6x10oseCe" 72.67z,0 se
D/a 2 phasefl 7.xlO'll see" 1  2.8xl0 se "1  3.6l 9 se" 1
Activation Energy, phase 1, *#15 Keal/mole
Activation Energy, phase If, 34 Keal/ole
There is no evidence for the existence of more than two
argon phases in this hornblende; however, the data do not
rule out the possibillty.
Diffusion measu ments were adle at temperatures of
615:5 C and 7500 C on a sample of miscovite from Clarendon,
Vermont (xM4052A), This was the 74-140 micron size fraction of
the suite tested for age variation with grain size (see Appen-
dix IIC) and contained about 10% calcite and e onr impurities.
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The data is presented in Table and plotted in P1g.14-ras
values of Bt versus t. The measurements in this case are con-
sidered qitte accurate as relatively large amounts of argon
were liberated.
The data for 6150 C sugest~s three segpmets, with the
slope of the third given only a maximum limit. Unlike the
feldspar and horablende cux*s, there is no rapid initial loss
of argon from this ascovite . The phase I segment intersets
the t axis at 82 minutes, which was exactly the time at which
the sample reached final temperature. The fact that there was
no loss during the heating up period suggests a high activation
energy for all phases. The amounts of argon in phase I and II
are 9% and 3% respectively.
Here the points define two straight line segments,
again with no rapid initial loss observed. The quantity of
argon in the steepest segment, 17%, suggests that it may be
a combination of both phases I and II.* These may not tae been
resolved on account of the masking effect of argon from phase
III. Calculation shows phase III to consist of about 70% of
the total argon, which indicates that there may also be a
fourth phase. No explanation was found for the discrepant
781 minute point. It is definitely outside experimental error.
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Table 5
Analytical Data for Muscovite & Pyroxene Diffusion Runs
Temp. oC. Cut No. ,t(min.) SAr40r
Fraction
of Total
0-270 1 (40)
270-600 2 142
615 3 524
615 4 1329
615 5 1995
615 6 2865
1190 Fusion (30)
2 gram sample - muscovite
230-755 1 65
750 2 145
750 3 265
750 4 509
750 5 781
750 6 1381
1200 Fusion (30)
2 gram sample - muscovite
250-890
905
910
1190
1
2
3
Fusion
< 5x0 - 8
3.27x10 6
5.40
2.98
1.81
0.84
86.7
1.52x10-5
1.00
0.779
0.677
0.715
0.848
5.33
1.52x10- 6
4.30
(.145-.78)
2.32
36
249
581(10)
4 gram sample - pyroxene
3.27x10- 6
8.67
11.65
13.46
14.30
101.0
1.52x10-5
2.52
3.30
3.97
4.69
5.54
10.8
1.52x10 - 6
5.82
(6.0-6.6)
9.23*
10.0005
0.0319
0.0846
0.114
0.131
0.139
1.0
0.140
0.231
0.303
0.365
0.432
0.510
1.0
0.165
0.630
(0.65-.715)
1.0
0.00087
0.00oo64
0.0118
0.0159
0.0180
0.0183
0.0525
0.0949
0.144
0.212
0.316
0.0257
0.545
(0.594-0.78)
* value obtained inaprevious
correction on Cut No. 3.
run used because of uncertainty introduced by large air
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3% l.o210"Sc 1  1% 6.4xio-Tse-1 47 oal
I1 - < 3.1xl0"'sea" 1  70% 3.4tzlo7"Tee 1  763 Koal
Bader it was mentioned that the loss of hydroxl water
fros hydrous minerals heated in vacum may affect the diffusion
loss of argon. To evaluate this possibility, a two rm charge
of the same mtasovite was placed in a stellite "Tuttle-type"
ad seal bomb, put under 1000 bare pressure and heated at 7100 C
for 72 hours. The sample was removed from the bomb and the
remaining argon was extracted and measured by normal techniques.
The sample was found to have lost 32.3% of its argon during
this treatment. This gives a value of 4.3z10 ,O see tor
D/a2 . Extrapolating the above diffusion data to this tempera-
ture allows a comparison to be made.
Phase I &f II 3.5xl O T sec"
Phase fI D/a2 4 l.4xlOC Tse "1
Bomb sample D/a2  4.3xlO4 8eC1 "
For the same time-temperature conditions, a sample
heated in vacuo would have lost 53% of its argon. The temper-
ature extrapolation involves very little uncertainty, so the
difference is real and in the direction to be expected. That
is, the musovite sample heated under high water pressure lost
about 0% less aBon than the same sample heated in vacuo.
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The difference is surprisingly small, hoever, considering the
difference in conditions. It does demonstrate that diffusion
measurements made on saples heated in vacuo, or even in air,
should be onsidered as maximum limits only. It may be argued
that conditions in nature are frequently "dry", in which case
the measurements above wan be considered to bracket the ax-
tremes of possible environmental variations.
Dittt in YroZSesa
PyroXnes were considered as possible "highly reten-
tive" minerals for argon because of their proven retentivity
for helium. To check this, a sample of pyroene from the
Sudbury gabbr (P3426) was heated at 9050 C for ten hours.
This pyrofene was extremly pure with a grain *s4e range of
140-300 mierons. The data is presented in Table - and
plotted in Fig. . There tois no rapid initial loss and the
argon seems to be in at least two positions. The first phase
accounts for 4% of the argon.
Phase I 45, (D/a )  4x0 "6 see
Phase II , (D/a Wf-6 - 0610 *1
The measured diffusion coeffidant does not indicate exceptional
retentivity at the given temperature; It is about the same
as the muscovite values and three orders of magnitude larger
than the hornblende values.
The results of all the diffusion measurements are
plotted in Fig.I as values of log(D/a 2 ) versus 10 o K. The
values are connected for graphical clarity whore correlation
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of the argon phases indicates this to be reasonable. Linear
extrapolation between points is assumed although there is no
proof that the join is not curved or even discontinuous. The
slope of these joins is proportional to the activation energy
of the corresponding argon phase.
In the 7000 to 9000 C temperature region, hornblende is
considerably more retentive than all the other minerals.
Owing to its relatively low activation energy, however, there
would be very little difference between it and muscovite at
4000 to 5000 C. It is possible that most of the argon Ln
hornblende is in a third undetected phase. This woid have a
higher activation energy and have lower (D/a2) values at all
temperatures, It is interesting to note that Amirkhanov
(1959a) measured a (D/a2 ) value of 3x10 6 cm /see at 5000 0
on a pegmatitic hornblende. The difference between this value
and those reported above is about 6 orders of magnitudel
This brings up the general questLon of how much variation would
be expected between different samples of the same mineral.
Since a number of different investigators have made argon
diffusion measurements on similar minerals, some correlation
should be possible.
Gerling (1957, 1958) made very detailed measurements
of the discharge of argon from muscovite, phlogopite, biotite,
anvd microcline-perthite. However, he used a different mathe-
matical model for his calculation and, as a result, hiz data
are not comparable. Recalculation of his data is also difficult
17
since it is presented on small scale graphs and not tabulated
in tables, He did find that the argon in micas was held in
three types of sites: a few percent in the first, 60 to 70%
in the second and the remainder in the third, For microcline-
perthite he observed five different sitesjAwhich the argon was
held ; the first three phases accounted for 20% of the ar-
gon and had an activation energy of about 20 Keal, the fifth
contained the bulk of the argon, 65%, and the activation energy
for that phase was 130 Kcal. These results are in general
agreement with those of this thesia. The differences in the
number of argon phases and quantity of argon in each are con-
sidered to be real and probably reflect variations in the envi-
roamental history of the different sanpm.,
Evernden et al (1960) made argon diffusion measurements
on glauconite, microcline, sanidine, lexcite, and phlogopite.
Their experimental method was such as to obscure the p6asible
observation of argon from different structural positions, They
measured only one fraction of argon at each temperature, then
heated the same sample up to a higher temperature and measured
another fraction. For a mineral with argon in several positions
the low temperature measurements would represent the loosely-
held argon, The high temperature measurements would be
weighted in favor of the high activation phases. They state
that "Irregularities of the diffusion curve are manifestations
of dynamic lattice change. They are not to be considered as
indications of argon atoms in successive lattice positions,"
It is, in fact, impossible to demonstrate this from any of
their data. The only case where they made measurements iso-
thermally as a function of time was on a glauconite. Of this
experiment they say, "The glauconite results prove that all
argon can be lost from a mica-type lattice at a single activa-
tion energy," When their data is replotted on a Bt versus t
plot the points do not fall on a single line. They define
almost a continual curve which suggests either three argon
positions or a steady decrease in (D/a2 ) due to structural
changes,
By determining the argon loss from a number of samples
of feldspar of different grain size Evernden et al. were able
to si~ that the effective diffusion radius in the feldspar was
less than 35 microns. This is similar to the results obtained
in this thebs on hornblende and emphasizes the need for re-
porting diffusion data as (D/a2 ) values.
In order to determine whether diffusion of argon from
mica takes place in a direction parallel to or perpendicular
to the cleavage, Evernden et al. measured the argon loss from
two samples of pilogopite. One sample was flakes 15 x 15,000
microns, the other was the same phlogopite cut to flakes 15 x
2000 microns in size. By comparison of the results on the
two sizes they concluded that the diffusion direction was per-
pendicular to the cleavage. This is not the direction one
would intuitively favor, since the largest channelways are
parallel to the cleavage. However, in order for the above
tests to be valid, it must be proven that the effective radius
for diffusion in the sample is greater than 2000 microns.
This was not donen
Amirkhanov (1958a, b, 1959a, b, c, d, 1960) has
made many argon diffusion measurements on various potassiuw
minerals. He observed only one argon phase in a phlogopite
and he observed three phases in each of two samples of feld-
spar, These corresponded to argon fractions of 38%, 56%, 4.8%
and 22%, 71%, 7.2, for phases I, II and III respectively;
these proportions are very similar to those found in the
feldspar used i this thesis. The diffusion coefficients
(reconveted to D/a2 values) for the minerals measured by
Amirkhanov are plotted in Fig. 20 to allow comparison with
the values from this ldz thesis. Except for horablende the general
agreement auggest that the variation of diffuslon parameters
from sample to sample might be small. The fact that Amir-
khanov's four feldspar points fall :learly on a straight line
is also an indication of the degree to which extrapolation
between and beyond points is valid. If pyroxenes indeed
have the high activation energy reported by Amirkhanov they
will become a very useful mineral for age studies in metamor-
phic areas,
The values obtained from these various diffusion measure-
ments will be used in later sections to interpret the time-
temperature histories of two types of geologic environments:
a contact metamorphic zone, and a regional metamorphic zone.
/4o.
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As a uumary of the data, the following table lists the tem-
peratures at which each of the minerals discussed above would
lose 50% of their radiogenie argon if heated for 1.0 million
years.
oxene 4250 0
Rasoovite 350 C
Hornblende 3000 C
Perthitic Feldspar 2400 C
Phlogopite 2000 C
Calculations such as these involve the assumption that there
is no knee in the curves of D/a2 versus 1.0 caused by a
chang, in the mechanism of diffusion at temperatures below
the experimental temperatures. There very likely is a knee
in the curves below 500 to 6000 C, so the above temperatures
may be regarded as mnimum values.
1~-- I .... .i _I~-~-I __._ . ^
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C. Variation of. A P rent ge with Grain Sme
Wasserbur (1954) auggested that if radiogenic argon
was lost by diffPsion "the amount lost would be critlcally
dependent on the grain size and struoture of the potassium
minerals." Nicolaysen (1957) advised performing age analyses
on several mineral samples from the same locality "posBAsing
a hundredfold varlation in grain sizel" to test the feaibility
of daughter-isotope diffusion in radioactive minerals. The
basis for these suggestions is the (D/a2 ) term in the diffusion
equations. The mineral radius, occurring as the square, will
be a strong factor in governing the loss of daughter products.
As shown in the previous sootion, it is the effective
diffusion radius and not necessarily the physical grain size
which is the important parameter. In some oases these two
sizes may be identical. They are not identical for feldspar
or hornblende. To carry out an "age variation versus grain
size" study it is necessary first to find a mineral whose
physical grain size is equivalent to or smaller than its
effootive diffusion size. The metamorphis history must be
such that complete loss of the daughter element has not occurred.
The grain size itself aust be variable, and fiaally, the
grains must be liberated from the sample without changing their
Sae. This poses a rather restriotive set of conditions.
A sample of muscovite*bearing maible ias found which meets the
requirements reasonably well This sample was collected by
Professor W. H. Pinson at QArendon, Vermont (Stop #1, Pield
/b3.
Trip #1, New England Intercollegiate Geological Conference,
51st Annual Meeting). This marble is part of the trecambrian
Mount Holly series and is in a region which was affected by
metamorphisa during the early Paleozolc. The rook is composed
dominantly of oalcites with abundant musovite and quartz,
and minor amounts of an epidote, chlorite, and slightly serici-
tized potash feldspar. The muscovite ocours in all sizes from
fine felted aggregated up to large bent and strained plates.
The calcite and quartz are also straint and show undulatory
extinction.
The sample was reduced in a jew. crusher and grownd
once lightly. Sieving showed 60% of the sample to be +50
mesh size. A coarse sample of flakes about 4 u. to 10 m. in
size was handpicked. The remainder was 1sie.ved in 10, 20, 28,
40, 50, 10 00 and 200 mesh screens and purified by magnetic,
heavy liquid, jiggi and tine grinding methods. Even after
this, some of the size fractions contained considerable impar-
ity. Sample splits for Rb-Sr analysis were washed in cold 6
ECI for 30minutes. The analytical data is given in Table 6
Table 6 An&L tical Data for Muscovite GraIn Sizo Anal es
*Ar 4G 0 Rb *Sr8Sample srain (in 10 6 Ar (ppn by (pa *Sr87 8Number ie gp)Totl...t) by w T TTr
ot4an-10na 8.26 2.67 0.96C -10+20. 8.93 2. 0.94
D -28+40 7.81 1S 4 0 o.85
3 -50+100 5.29 0, 86 0.92 274 0.89 01.6
A -100+200 6.26 1.02 0 282 04850
* Radiogenie
l_ ___I_ ICL__LICCII~L1--~F- -L -YW- - iXl-.l_~ilgllX~- l11  ~-;~-~ ^ 1
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The calculated ages and the median grain radii are given in
Table 7 .
Table 7 1 Calculated Wweaovite A and Grain Rdii
Approx.
Median Radius
Sample Radius S3 d K-Ar Age Rb-Sr Ae
Number (iatrons) on "em. 26.
3500 1 .4xlo 67525
c 690 4.810*o3 545*20
D 250 6.1o " 0 440±15
B 110 1 .2x10 350*10 430±30
A 55 3.OxI0 5 360*10 410*30
Discussion
The K-Ar ages show a consistent tmred of decreasing
age with deoreasing grain size. The two smallest sizes A
and B may be interpreted as having underone comnplete loss
of argon at the time of metamorphism, about 355 m.y. The
largest asie was also affected and shows an age in between
that representing omplete loss and complete retention. It
is assumed that the true age is 1000 to 1100 m.y. (Grenville).
The Rb-Sr ages would seem to indicate that the two smallest
sizes also lo st all their strontium during the metamorphism,
but in this ease the time of metamorphism seems to be around
420 m.y. The argon and strontium ages of these two samples
do not overlap within experimental error. An alternative explan-
ation would be that the Rb-Sr ages of A and B both irdicate
some retent'.on of strontium, the variation of this with size
being masked by experimental error.
The argon ages do not fit a (D/a 2 ) law exactly. It
is likely that the finer samples all contain appreciable
amaounts of the coarse "high age" material which was reduced
during the grinding. It was hoped that this effect would be
small because of the relative softness Ot the calcite matrix.
For the observed ages to fit a D/a 2 diffusion law, most of
samples C and D would h've to be ground-down coarse material.
Tnere is unquestinably a variatio n the age of the sapesj
the problem is in determining over what range of gain size
this variation takes place. Theoretically a factor of four
difference in grain radius should be sufficient to produce
the total variation from 675 my. (54% lost) to 350 m.y (I00%
lost). The actual variation in this case takes place instead
over a grain size range of a factor of 35. In addition to the
spreading effect caused by ground down coarse materials it is
possible that the effective radius for diffusion is smaller
than the coarseat material, in which case the actual variation
in (a2 ) would be smaller than that nferred from the physical
size variation. A minimum limit of 0.7 nA can be placed on
the effective diffusion radius, however.
A completely different interpretation can also be made
from the age data on this mascovite. It is possible that prior
to metamorphism the amscovite was all in textural equilibrium
and existed as large flakes only. The metamor*thsm, while
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causing argon lose frm the large flakes, also caused the new
growth of a series of finer sizes. The observed ages then
would represent a mixture of nmuscovite formed at the time of
metamorphism and gzound-down original muscovite.
Regardless of the interpretation, it is clear that an
ageobtaine obt d on a single size fraction would be meaningless
by itself. By analyzing a series of size fractions at least
the time of metamorphism can be determined.
Using linear extrapolations of the argon diffusion data
on this mUasovite (Appendix II-B), it is possible to estimate
the time-temperature history of the metamorphism. The age of
the coarse size fraotion corresponds to 54% argon lose from a
1000 m.y. sample heated at 355 m.y. If the initial age was
actUally 900 m.y. it would only cause a 10 C difference in
fic final answer, so the teperature estimate is relatively
insensitive to the choice of initht age. The major uncertainty
comes in estimating the effective diffusion radius of the
coarse sample. It is clearly between .7 man and 3.5 mn. The
actual choice will make a considerable difference. The
following table shows the results of calculations of the
temperature-time history for two values of the ooarse fraction
radius.
t Temp C TMp0 C(as .) ( .an ) ( ,8* ... )
0.1 490 540
1.0 450 500
5.0 420 47o
10,0 410 40
50.0 390 430
JI~IW~_~Y _ __ _I1_IIYYU__~IL_ I  ~--(l^__^_l ~11~--- -
47T
The temperatures are relatively insensitive to the
time estimates because of the high activation energy of argon
in museovite. Also an error in placement of the muscovite
"D/a 2 versus 1000/4" diffusion curve of a factor of two only
causes a 100 to 15 ° change in these temperatures. Por these
reasons, a study such as this could in principle be developed
into a very sensitive geothermMeter. Plronzne would be even
more sensitive because of its larger activation energy, and
could cover the higher ranges of temperature. In spite of
the diffusion grain size uncertainties the present study
shows that the temperature of Paleozoi metamorphism in the
Clarendon, Vermont area was almost certnly higher than 4000C
and probably less than 500 C. Thi s is not in conflict with
estimates based on geological considerations (J. B. Thompsons
personal aomanication).
The above study demonstrates that "apparent age" may
be a fution of grain size. Several cases have been reported
in the literature (GerlinS 1957f Hurley et al., 1958; Wasser-
burg ot al., 1959), here muscovite froa a ogmtite Shows an
older age than muscovite in the ountry rock out by the pega-
tite. These may be most easily explained by reference to
the larger grain size of the pegmatite muscovite. A post-
crystallization metamorphism would sause relatively more loss
of argon and strontium from the finer grained country rock
muscovite.
Appendix III
MUmxral" ALes in a Contact Metamrhi Zsone
I * atnroduol-o
Almost a complete range of mineral age disoordan ces
has been observed in certain "mixed-age" or "noisy" areas.
Ages by the same method on different minerals and by different
methods on the same mineral may all be discordant. The diseor-.
dancies may even vry in sign frot area to area. Most of the
"mixed-age" areas which have been previously studied are the
result of regional metamorphism. In these areas it is generally
impossible to rete age discordancies to any specific environ-
mental factors. At the point where reliable indicators of
metamorphic grade have developed, all but the host resistant
minerals will have lost all evidence of any pre-metamorphic
age.
A contact metamorphie zone would seem to offer the
best possibility of correlating mineral age discordancOes with
at least one variable, the temperature. Eoiedge of the
relative temperature distribution about an intrusive can be
obtained from heat flow theory with no need for relying on
par~agntic analysis. A contact zone provides, in effect, a
furnace for longe-time diffusion BXperiments. This should
be especially useril for diffusion studies of elements in
low-aCtivation states, such as lead in zircon.
_~______
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It is not cemn to find intrasives cutting country
rook which is markedly older than the intrusives, and yet
unaffeated by rogenic effects contemporaneous with the
intr msives. The Montesgian intrusives of Quebec are singular
in being free tfro aoom vPains orogenic effects but the
poorly e*o , fine-rgrained and low grade intact rock is far
fro ideal * The Palezoso-aged Cuttingville stook, outting
the Precambrlan of the Green auntains, Verment, may have more
ideal contact rocks but it was not learned abMt in time for
this study. Future study is planned for it. The aramide
intrusives in the Precambrian of the Pront Range, Colorado
are ideal in many respects. The country rock is mauh older
than the intrusives, allowing easy differentiation of age
d1iseoo danies without straining the limits of the analytical
methods. The country roolks are granite, gneises and high-grade
ashtsts which an stable in the given contact enej gross
metamozrp rec"stalliation then will not obsuare simple
thermal diffusion effects. The ooa e-grained and salic
nature of the contact rook pemits ready separation of at
least two potassium-rich minerals. The effect of grain size
variations on diffusion less an be studied in the achist,
which contains biotite of widely varying sizes. The contact
rocks are well exposed, permitting ontinuous traveers for
hundreds of feet. The extensive hydrotheral amineralization
in the Front Ratge represents the main disadvantage of the
area, S~t~ of the area was parzuad with this in mind.
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2. Res a gial Goly
Most of the following is taken from the detalied
description of the geology and ore deposits of the Fpont
Range acopiled by Lovering and Goddard, 1950.
The crystalline core of the ront Range is essentially
Precambrian granite, schist and gneis; it is nearly every-
where bordered by steeply tilted Paleozoic rocks. Many
stocks and dikes were intruded into the central part of the
range during the Laramide revolution but are unor
elsewhere.
The oldest rooks in the Front Range are the schists
and gneisses of the Idaho Springs formation. These are
highly metamorphosed sedimentary rocks consisting chiefly
of quartz-biotite and quartz-blotite-sillimanite schists.
Although these rocks have been closely folded their original
bedding planes are in most places parallel to the foliation.
The Idaho Springs formation is overlain by the Swandyke
hornblende gneiss, and both formations are out by an exten-
sive series of Precambtan granitic intrtives. The oldest
of these intrsives are small stocks and masses of quartz mn-
zonite gnelss and granite gniss which show a concordant
habit , in the metamorphies. The younger Boulder Creek granite
forms stocks and small batholiths which are satellitie to the
larger batholiths of the even younger Pikes Peak granite. The
Silver Plume granite, found in stooks and small batholiths,
is the youngest of the maJor Precambria rooks in the Rront
Rions.
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Cuttng the Precambrian of the Front Range is a se*s
of about ten major stocks, Paleocene or fteene in age. These
stocks, ranging in size from two square miles to fifteen
square miles, occupy a narrow belt about five miles wide
extening southwestward across the Front Range from Boulder
to Breckenridge. May smaller irregular bodies and dikes
and most of the early Tertiary ore deposits of the FPront
Range oecur in a strip ranging in width from two to ten
miles, just southeast of the line of stocks. The linear
structure within moet of the stocks indicates that they have
been intruded upward at a steep angle and some of the stocks
undoubtedly s oupyd ol voloanic throats. The composition of
the stocks raQes from diorite to quartz monsonite.
Orogenic activity during the Laramide revolution
consisted chiefly of broad folding or arching, faulting, and
intrusion of the stocks in the pxrphyry belt. There is no
evidence of any regional theraml metamorphism since Precam-
brian time.
3. San wl ocation and Geology
In August, 1959, five days were spent in the Front
Range investigating contact zones and collecting samples.
Portions of the oontact zones of six of the r e stocks
were 6 d, The contacts of the stocks at Jamestown,
Empire and Montezma could be narrowed down only to within a
hundred foot zone. Two sections of the contact of the ldora
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stock could be defined to within ten ftet The contact of
the Caribou stock and the Audubon-Albion stook were exposed
and knife sharp. Sample suites were collected from the Audubon-
in and Eldera contact zones.
AudubAlbioa Ara (seeAe sample map, pig. 21)
This stOk ocoupies an area of about seven square
miles in the northwestern part of the Front Range. It lies
four miles west of Ward, Colorado, and about one mile east
Of the continental divide. It is most easily reached from
the Brainard Lake N.PS. C * The eastern contact,
wt*h is not well exposed, is about one mile by trail from
the camp mrud. The western contact is three trail miles
from the eampngrua and well exposed in rugsgd terrain.
Most of the Western contact zone lies above 11,000 feet
elevation, The contacllane at one point Just north of Lake
Isabelle dips TO0 east. The general topogEphi trend of
the whole western contact indicates a dip of the same nature,
while the eastern contact tends to be nearly vertical.
Just north of Lake Isabelle there is a contaet be-
tween the Silver Plume granite and the Idaho Springs formation
which runs approximately perpendieular to the contact of these
Precambrian rocks wIJ h the monsonite stook. This allowed a
suite of oontact samples of both granite and schist to be ol-
leooted within 500 feet of each other. Thirteen samples of
Idaho Springs fot fation were collected over a horizontal dis-
(73.
FG. 21 -SAMPLE MAP, AUDUBON- ALBION AREA, FRONT RANGE, COWLRADO.
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tance of about 300 feet. Loceations Were determined by tape
and compass mea eme nt from the oontact . The contact plane
at this point forms a small cliff face which is near the crest
of the ridge overlooking, and about 100 e~rad north of, Lake
Isabelle. The Idaho P ngs foRmation here is a biotite-
sillmanite-quartz schist with numerous pegmatitic lenses
and stringers, and occaslonal massive granitic layers. The
general east-west foliation is not noticeably affect by
the intrusive. In fact, the only macroscopcl aspect related
to the intrusive is an absence of sillimanite in a fifty-foot
zone near the contact. The sample furthest from the contact
was gneissic granite, suggesting near proximity to the grata-
tional Silver Plume-Idaho Springs eontat, No effort was
made to obtain representative samples. Most of the samples
were from the blotite-rich layers in the Sehist.
Five hundred feet further north a suite of six samples
was collected from the Silver Plume granite. The granite
here does not show the parallelism of lathlike feldspar
crystals which is typical of most Silver Plume granite . It
is finer grained, with less abundant and less homogeneously
distributed mafiosE The samples which were taken were large
enough to be representative. There was no maroroopic change
in appearance of the samples as the contact was approached.
In all, a total of nineteen samples, 150 pounds, was
colleet from the wastern cont ct of the Audubon-Albion stock.
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fitr. Area, (see sample map, Pig. 22.)
The Eldora stock s mauch more irregular in outline
than the Audubon stock and of about the sam size. The
northern contact is directly accessible from the road between
Eldora and resle. The section sampled Is one mile west of
Elders and 50 to 100 yards north of the road on the side of
Mineral Mountida. The contact between the quarts monsanite
stock and the Idaho Springs formation is gradational over
a ten-foot zone. Many xenoliths and ght structures of
schist are present in the quartz monsonite up to distances
of fifty feet from the contact. Acroes a fifty-foot zone
in the Idaho Springs fomation the foliation is vague and
distorted, and pegaatitic lesesa and quartz veins seem to be
especially numerous. This contact zone Is markedly different
from the one at the Audubon-Albion stock. The rference may
be aounted for by the more salic and fluid-rich nature of
the intrusive at Eldora, bg its earlier emplacement in the
orogenic cycle or by its higher intrutive temperatures.
Nine samples were collected over a horizontal distance
of about 250 feet. The extreme variability of the Idaho
Springs formation here allowed several types of samples to
be collected at each location. Usually a sample of coarse
biotite-feldspar pe tite was taken, along with either a
fine-grained btotite-quartz-feldspar schist sample or a plagio-
olase-horablende amphibolite sample.
RG 22--SAMPLE MAP, ELDORA AREA, FRONT RANGE, COLORADO
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4. Sample Description and Petrography
The samples were labelled A or C according to locality,
Audubon or Caribou (Eldora), followed by a number representing
the distance from the contact in feat. They were also assigned
an M.I.T. project number. Following i a brief macroscopic
and microscopic description of each sample.
Audubo Samples
AOA (4069) Biotite-bearing monzonite intrusive, fine-grained,
equigranular. Thin sections shows zoned oligoclase,
orthoclase, quartz, hornblende, biotite, magnetite,
and sphene, in order of decreasing abundance.
Biotite and hornblende intimately intergrown.
A6A (4070) Fine-grained biotitc schist, also some fine-
grained granitic material. Thin section shows
large porphyroblasts of altered orthoclase, non-
undulatory quartz, albite, strained biotite with
abundant pleochroic haloes, magnetite, and skeletal
garnet associated with the biotite and magnetite.
AI2A(4071) Medium-grained biotite-rich schlieren in schist.
Thin section shows non-oriented random-size bio-
tite wi.;h few pleochroic haloes, quartz, slightly
altered orthoolase, suibedral garnet occasionally
anisotropic, magnetite, and albite.
A18A (4072) Similar to Al2A
A23A (4073)
A38A (4074)
A51A (4075)
A74t (4076)
A88A (4077)
A122A (4078)
Fine-grained biotite gneiss, Thin section shows
quartz, ironstained blotite, albite, orthoclase,
magnetite and relict garnet altering to chlorite
and chloritoid.
Medium-grained quartz-biotite schist. Thin sec-
tion shows quartz, orthoclase, albite, biottn
with rare pleochrole haloes, skeletal magnetite,
and small partially developed garnet.
Fine-grained biotite schist, also a sample of
medium-grained granitic segregation. Thin section
shows quartz, albit4 biotite, orthoclases, .agne-
tite, small euahedral garnet, and hematite altera-
tion of magnetite.
Medium-grained biotite-sillimanite schiat. Thin
section shows felted aggregates of nmediu-grained
sillimanite, quartz, orthoclase, biotite, albite,
magnetite and yellow chlorite, serving as matrix
for much of the sillimanite. No garnet observed.
Medium-grained biotite-quartz-sillimanlte schist.
Thin section shows quartz, sillimanite, biotite,
albite, orthoclase and magnetite, minor amounts
of yellow chlorite.
Medium-grained biotite-quartz-sillimanite schist.
Thin section shows quartz, highly sericitized ortho-
clase, sillimanite, biotite with pleochroic haloes
around large monazite grains, magnetite, and well
crystallized green chlorite. No albite observed,
may be completely altered.
A152A (407t 9)
A169A (4080)
A300A (4081)
atdium--grained quart z-biotite-sillimnite schist.
Thin section shows quartz, partially sericitized
orthoclase, sillimanite, biotite with abundant
pleoohroic haloes, albite, magnetite, and green
chlorite alteration of some of the biotite.
Medium-grained quartz-blotite-sillimanite schist.
Thin section shows albite, quartz, orthoclase,
biotite with pleochroic haloes (arouna very abunt-
dant grains of rounded monazite and some subhedral
zircon), magnetite and sillimanite.
edilum-grained granitic facies, some foliation.
Thin section shows orthoclase, quartz, albite,
biotite with pleochroic haloes, magnetite, sub-
hedral garnet occasionally anlsotropic, muscovite
interlayered in the biotite and as skeletal
patches in orthoelase, and some sillimanite which
is not euhedral as In other setions.
Disuossion of Mineral Asmblwa s in aadbon Contact Z ne
All the samples contain the assemblage quartz, ortho-
lase, albite, biotite and magnetite. In addition the rocks
up to 74 feet from the contact have garnet and no sillimanite,
whereas the roks eetad h ck 74 ftat nd turt er from the contact contain
sillimanite and no garnet. The 300 feet sample contains silli-
manite, garnet and muscovite. However, the sillimanite *ocurs
at one end of the section and is not associated with garnet or
mslsovite. This indicates a reaction relationship and suggests
/000.
that the assemblage including sillimanite-garnet-ascovxte is
not a stable assemblage. The appearance of garnet in samples
near the contact seems to be related to the contact and not
to bulk compositional differences. It is probably a retro-
grade reaction of the form biotite + quartz + magnetite +
sillimanite- - garnet. The assemblage at 300 feet suggests
the same reaction, but with muscovite forming from a KPS +
sillimnite reaction. The 300 feet sample essentially marks
the retrograe garnet isograd, and suggests the presence of
a thermal source some distance beyond and unrelated to the
exposed contact of the Audubon stock. The presaence of such
a heat source is borne out by the age determinations on the
Audubon contact samples.
1fA6lrsaMple (Thin sections were out only from hornblende-
bearing samples.)
COA (54060)
C2 (4061)
edium-grained equigranular quartz monzQnite,
containing biotite and hornblende. Thin se-
tion sho4s strongly zoned oligoclase, quarts,
large partially sericitised orthoclase pheno-
erystsa hornblende, biotite with few pleochroie
haloes, epidote, sphene and magnetite.
Coarse-grained biotite-feldepar pegmatite,
and r*dium-,gained hornblende-plagioclase amphi-
bollte. Thin section (amphibolite) shows
twinned o.bigolase with untwinned overgrowths,
ragged green-brown hornblende, qdote, magnetlte
011A (4062)
C20A (4063)
037 (4064)
0RA (40
0134A (4057)
C248A (*068)
sbene, biotite intergrown in the horablende,
quartz, and orthoclase.
adium-grained quartz-feldspar peEnatite and
amphibolite. Thin seotion (amphlbolite) showa
large clean green-blue hornblende and twinned
uazoned oligoclase, minor magnetite. A few
traces of blotite alteration on hornblende are
present.
Coarse-grained biotite-feldspar pegmatite pod,
Coarse-grained blotite-feldspar pegmatite pod,
coa e - 6 ratned Ioitt -fl4spa- pss'nnzr 'ce po04 mid
int:- 6 a int bori~tC -feldsprgrnrr/ serredtrion .
Peldspar-blotite pegmatite, and amphibolite.
Thin section shows brown hornblende, unzoned
twinned oligoclase, diopside altering to horn-
blende, magnetite and quartz, no traces of
biotite.
Coarse-grained biotite-feldepar pegmatite stringer
and amphiolite. Thin section (amphibolite)
shows large clean brown-green hornbleld altered
in places to blue-green hornblere, unzoned
twinned andesine, diopside occasionally altering
to blue-green horablende, magnetite, epidote
and trace quartzs. No biotite,
Disusuio of Eden Mineral AsseOboavs
The abundance of rimmed plagiolase, ephone, and
alteration biotite in CA2 is an indication of the gradational
nature of the contact.* Samples further from the contact show
/9g/1
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no evidence for metasomatism. The lack of pyroxene in samples
near the contact suggests a retrograde reaction due to the
thermal contact metamorphism, Sample C134A contains pyroxene
in various stages of alteration to hornblende. This may or
may not be the first sign C the retrograde reaction.
Idaho Springs Sample
To serve as a standard, a sample of Idaho Springs
formation was collected at a location away from the influence
of any contact metamorphism. The sample was collected from
a fresh blasted road cut at the Junction of routes 6 and Z4o,
five miles east of Idaho Springs, Colorado, The sample is
a coare-grain-ed biotite-quartz achist with abundant feldspar-
quartz pengatite stringers in it.
5.
Samples were fragmnted and mineral separates obtained
by the procedures outlinl in Appendix IA. The analytical
procedures used are disoussed in Appendix B and C.
6. Remlts .t Auo -Albion Contact Zone (Samples ADBA to
AS00A)
The biotite argon ages presented in Table 8 are
sumarised below for clarity.
RI -
Distance from Contact Biotite EK*Afr ae, my,
o 70
38 66
74 65
88 110
122 87
152 69
169 63
With the exception of biotites A88A and A122A, the
average of the other five is 663 m,y. with a standard devia-
tion of 4%, and a standard error of 1.7,. This is about the
spread hich would be expected from experimental error in
this age range. These five biotites apparently lost all their
arson at the time of intrsion. and serve to date the stook
as being 66,31.1i million years old. Samples AM88A and A122A
have retained some argon, but are in between samples which
show complete loss, This can be explained by the existence
of an unseen heat source at some greater *stance from the
contact. The appearance of retrograde garnet in sample A300A
also points to a second healt source. The asywetry of samples
A88A and A122A wih respect to the two garnet isograds suggests
that the temperature gradient on the side toward the secordary
souse is flatter.
Orthoolase feldspar from sample ASGA save an argon
age 401 lower than the age of the intrusive. This probably
represents the usual mica-feldspar discrepancy and should
not be taken as an indication of a thermal event at 40 nry,
or younger.
A biotite at 300 feet gave a zrbidium--strontium age
of 89 m.y. using a normal strontium 87 abundance of .0702,
Using the intersection of the whole rock-biotite growth lines
gives an agn e of 78 m.y. The experimental error on this may
or may not overlap the K-Ar age of the intrusive. The error
was larger than normal due to a very poor spiking ratio in
the rubidium. raun In any event the biotite shows very little
retention of radiogenic strontium.
The three whole rock Rb-Sr ages are widely scattered
and imply that the chemical system represented by samples of
the size collected was not a closed system. In a sense these
samples are analogous to mineral phases in a rock. The radio-
genie strontium should move from schist layers with a high
Rb/tr ratio to layers with a lower Rb/Sr ratio. The layer
with the highest Rb/Sr ratio should give a valid milinimm age
The other layers may give ages older than their true age.,
In general, the most biotite-rich samples available were
collected. If the content of biotite is an adequate measure
of the Rb/Sr ratiothen the  these samples should give meaninngful
minimum ages. The measured Rb/Sr ratios of the three samples
were high: 1.7 for A88A, 5.0 for AI52A, and 1.5 for A300A.
The variability# however, shows that this ratio is not solely
dependent on the biotite content in these three samples. It
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is probaly more dependent on the minor amounts of strontium-
rich phases. The three whole rock ages are not necessarily
meaningful ages, then. However, they do serve to illustrate
that radiogenic strontium can have considerable mobility during
metamorphism.
Table 5 shows analytical and age data for the U-Pb
analysis of a monazite separated from sample A169A. A
-200+270 mesh sample fraction was put through bromoform and
methylene iodide. After refinement on the Frantz the sample
was 60% pure, xenotine being the principal impurity. Fifty
milligrams of pure monazite was obtained by rolling on paper
and hand-picking. The rounded pellet-like appearance suggests
detrital origin. The chemical analyses and mass spectrometry
were done during a week's visit to the Department of Terres-
trit Magnetism and the Geophysical Laboratory, Washington,
D.C. The author is especially grateful to Dr. G. R. Tilton
of the Geophysical Laboratory who unselfishly devoted a week's
time to instruction and supervision in the necessary techniques.
The general analytical procedures are described in Appendix
I C. The monazite was washed for 15 minutes in cold 6N H Cl
before fusion. The lead 204 found, 0.4 micrograms, was
attributed to laboratory contamination and is not eported in
Table S . (The observed Pb206/pb204 ratio was 2700.)
These ages, while clearly discordant, show that mona-
zite is resistant to thermal events in the same way as zircon.
This monazite shows an age pattern which is the same as that
/Z.
Table 9
Analytical Data for Monazite
Concentration in wt. Atom percent Abundance
U Th Pb Pb206 Pb2 P pb2 07  pb208
0.580 5.46 0.396 0.1070 0 0.272 0.0252 0.703
u238 Pb206  235 pb 20 7  Pb2 07 pb206 Th 23 2 Pb2O8
Age, 1260 1360 1500 1100
million years
usually observed for discordant zircons, i.e., 207/206 age 7
235/207 age > 238/206 age 7 232/208 age. Discordant monazites
usually show either this pattern, or a 238/206 > 235/207 7
207/206 7 232/209 pattern (Tilton et al., 1957; Nicolaysen
et al., 1958). Previous monazite determinations have usually
been made on large single crystals from pegmatitle deposits.
Since this monazite is undoubtedly of detrital origin, the
age pattern could be the effect of three different metamor-
phisms (1600 m.y., 1350 m.y., 65 m.y.) and a detailed inter-
pretation is pointless. Some restrictions can be applied,
however, by using the "Concordia" plot of Wetherill (1956).
If the monzaite has lost lead only at the time of contact meta-
morphimn, the true age would be about 1550 m.y. In any event,
regardless of the number or age of metamorphic episodes, if
each episode results only in a net loss of lead or a net gain
of uranium the true age must be greater than 1500 m.y.
Composition of Audubon Contact Zone Biotites
It was stated before that the relative temperature
distritution about an intrusive can be calculated f rom heat
flow theory. For the Audubon stock this is obviously not so,
due to the secondary heat source inferred. Compositional
changes in biotites can be used as an independent measure of
the P-T contact enditions, to supplement heat flow calculations.
This is true as long as the biotite is in an assemblage con-
taining enough phases to eliminate bulk composition as a
variable, The assemblages biotite-magnetite-feldspar-quartz-
albite-sillimanite, and biotite-magnetite-feldspar-quartz-
ibite-garnet are both sufficient in this regard. Por these
assemblages the composition of the biotite is.a function only
of temperature, total water pressure and partial pressure of
exygen. If the activity of water and oxygen are controlled
externally and everywhere the same, the composition of the
biotite is a function of temperature only.
The iron-magnesium ratios of six of the biotites
from the Audubon-Albbn stock were determined on the optical
spectrograph. Two chemically analyzed biotites were run as
standards. The biotites were ground to -200+400 mesh size,
repurified, mixed one part biotite to three parts carbon
powder and loaded in 1/8" graphite electrodes. They were
arcedit 6 amps to completion. In most cases, triplicate
analyses were made. The data is given in Table 10 . The
lines used were Mg 2783 and Fe 2912. The two standard
1Wg.
samples Sp33 and Sp35 were biotites which had been analyzed
by "rapid silicate" technques by W . Phinney (1959). His
values for the ratio, total Fe/Mg were used to normalize the
relative intensity ratios of the other samples.
Table 70
Optical spectrographic Dat a on Fe/ g Ratios in Biotites
Rel. Intensity
Ratb Fe/M3
2.52, 2.66
1.57, 1.55, 1.66
1.14, 1.21, 1.39
1.26, 1.19, 1.25
1.78, 1.7, 1.95
1.78, 1.89, 1.75
1.59, 1.591 2.62
1.85, 2.00, 2.11.
Peo+Fe ,. Standard Error1W r -- Average)of Replicate
2.66 (Standard) 2.7%
1,62 (Standard) 2.2%
1.25 6 %
1.81 5%
1.36 2.4%
1.63 0,6%
2.03 3.8%
Phinney's chemical determinations are listed below.
% MGO
8.62
11.52
% FepOa
3.62
3.53
Total FeO
MGQ
2.66
1.62
The biotites used for standards were not the identical samples
analyzed by Phinney, but were separated from the same biotite
concentrate. The use of standards is not necessary to establish
Sample
Number
Sp33
sp35
AOA
A38A
A7T4A
A88A
A152A
A300A
SFPeO
Sp33
Sp35
19.21
15.23
~_~ __,__
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differences in the Fe/g ratio of biotites. For compaison
with the literature, however, it was thought desirable to
have the Fe/Mg ratio in absolute units. Also the standards
served as a check on the accuracy of the spectrographic
method. For example, for the standards the ratio S Fe
was determined chemically to be 1.,63, whereas the ratio deter-
mined on the optical spectrograph was 1,64, The average
precision error of the replicates, about 3% is considered
quite sufficient for these purposes. Only total iron is
determined on the optical spectrograph, and lumping PeO and
Pe 2 03 together for relative comparisons is strictly valid
only if all the assemblages are at the same activity of
oxygen. Thin Is is probably a reasonable assumption for a con-
tact metamorphic zone.
The data are plotted in Pig. 23 to indicate the spatial
relationships of the Fe/Mg ration in the contact biotites.
Wones (1959) has tetermined the direction of compositional
changes in biotite-magnetite-sai1idine assemblages for changes
of Po2 and T. The ratio Fe/ g in these biotites decreases
with Increasing temperature and with increasing partial
pressure of oxygen. Biotite composition$ in th garnet assem-
blages are not strictly comparable with those in sillimanite
bearing assemblages. Qualitatively, the biotite In the garnet
assemblage should have a larger Fe/Mg ratio, With this in
tnd, the first four biotites in Fig. 23 show a compositional
change consistent with decreasing temperature. The fifth
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biotite (A152A) indicates a reversal of the tmperature
gradient as was nfergd previously from several other lines
of evidence . The b)otite at 300 feet shows the highest Pe/g
ratio of all and should represent the lowest temperature of
al* given the assumptions above. Either the temperature really
was lowest thee , or the activity of oxygen and water there is
different because of lack of comunication with the other
samples. A choice cannot be made from the limited data ob-
tained so far.
7'. Stevshg38 p *E 9 Cont zQo (Samples cOA to C248A)
The ages determinAd on minerals from the Eldorsa on-
tact zone are presented in Table 8 and illustrated graphically
in Fig. 21 . The ages an samples from this aontat zone do not
indicate any heat sources other than the intrusive itself.
The hornblendes show a striking retentivity for argon relative
to the retention of either strnltium or argon in the blotites.
The age of 1160 m.y. on the horablendes at 134 feet and 248
feet is believed to tepresehnt the general age level of the
Precambrian in this district. That is, these two samples
utow complete retentivity. The biotite argon age of 68 m.y.
at 58 feet probably represents complete loss of argon. The
age of the Eldora stock is essentially identical wh the age
of the Audubon stock.
It may be noted that the biotites from Audubon show
relatively more retention of argon than biotites from a similar
Table 8
Analytical Data for Colorado Contact Suites
Grain
-50
A122A -50+100
A152A -28+40
-50
A169A -100+200
A300A --50+00i
-50
C2A -100+200
C11A -50+100
c58A 2-1__ m_
Cl134A -50+100
C248A 5-10 m.m.
4 -50+1004088 +50
Biotite
Biotite_
Biotite
Biotite 1
Biotite 2
Peldspar
Whole Rock
Biotite
Biotite
Whole Rock
Biotite
Biotite
Whole Rock
4,84
7 2
5.68,
5.59,
9.77,
7.5,
5.85
5.78
10.22
.25,: :.24,6.83, b.92
Hornblende 1.18
Hornbiende
Biotite
Hornblende
Biotite
Hornblende
Biotite
1tE0.7T,
1.02,
7.34,
7.39,
S1.42
2,02
2.70
2.0
1.90
7.31 1.881.82
0.553
0.58
_3.84
2 06
,2.g6
2.43
6 g.6
38.3
t
392 1.45(I:.R.)
0.41 1.14(I.D.)0.41
0.68 1240 0.457I.D.)
284 1.51 (I.R.)
1 . 65_(I_ I,?
0.91
0.83 907 1.15fI.D,)
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contact distance at Eldora. The reverse would be expected
on the basis of the relative shapes ofhe  the intrusives near
the sampling locations. A higher initt-4 intrusive temperature
for the Eldora stock could be one possible explanation. It is
also possible that the Eldora intrusion was aooompanied by'
larger amounts of circulating fluids which served to increase
the wall rock conductivity and flatten the temperature gradient.
The gradational contact, distorted foliation and abundance of
quartz and pegmatite veins near the contact of the Eldora
stock offer support for this hypothesis.
Qualitatively, the relative retentivities of argon
and strontium in the minerals of the Eldrsa contact ere ob-
vious from Fig. 24 , However, the shape and displacement of
these curves is also quantitatively significant with regard
to the diffusion parameters of these minets. The following
model will help to illustrate the relationship *hIh exists in
a contact zone between the various diffusion and heat flow
parameters.
Consider the heat flow froa an intrusive stock such as
that at Audubon. ometricallys this stock may be represented
by a rectangur paralelopiped, with X and Y dimensions of
2.4 km and 7,3 kmn. This X-Y cross section has the same area
and perimeter as the surtace exposure of the Audubon stock;
the general expression for three dimensional heat flow in an
infinite medium, as given by Lovering (1935), is
T is the temperature at any point X, Y, Z at any time t, Tu
is the initial wall rock temperature and t2 is the initial
temperature of the intrusive. erf(a) is the error function
where o= , x i being the semidiameter abng the
X axis, and h 2 the diffusivity. Similarly for erf(b), erf(c),
etc., where Y
Expression 1. can be simplitled by assuming the stock to be
infinite in the Z direction. Then Lerf(e) + erft(fl] 2.
This assumption can be justified a postez'ior by noting that
[err(e) + erljd)] is less .. than two only for times
greater than 105 years and that diffusion is negligible in
this time region. The diffusivity of the wall rock and intru-
sive 1 be assumed to be the same and equal to 0.0081. Other
necessary assumptions ares the intrusion ocurs Instantaneously,
the intrusive and wall rook are initially at uwniorm tempera-
tures, the latent heat of fusion is neglected, convection
processes are not considered, and the wall rook is isotropic
with respect to heat flow. If the Audubon stock represents
a volcanic conduit, the first assumption is dearly violated.
The latent heat and convection processes also are finite.
The deviation due to these effects can qualitatively be con-
sidered as a stretching of the time scale.
Calculations were made for three contact distances:
11 feet, 88 feet, and 300 feet. The wall rook temperature
was taken as 100 C and the intrusive temperature as 8000 C.
- II I 76.
The urves are shown plotted in Pig. 2b as values of the
temperature at a given distance versus the time. The curves
can be quickly converted to the case of zero wall rock tempera-
ture and 7 00O C intrusive temperatre by subtracting 1000 C
from the temperature axis, It will be noted that the curves
are equivalent for times greater than 105 years.
To evaluate the diffusion loss from a mineral which
has been heated according to the time schedule of Fig, 2 it
is necessary to know the values of the diffusion coefficient
as a function of temperature. On a log D versus I/t plot
these are usually straight lines whose slope Is proportional
to the activation energy, Two curves are considered here,
both passing 'through a D/a 2 value of 1xlO~14 at 3500 C. One
has an adtivation energy of 34 Keal, which is equivalent to
a linear extrapolation of the hornblende diffusion curve
determined experLmentally in Appendix II. The othr has a
slope of 65 Keal and is an approximate extrapolatbn of Gerling's
phlogopite curve (Gerling, 1957). Diffusion loss from these
two "hypoth;etical" minerals was calculated by graphical inte-
gration of the heat flow curves of Pig. 25 . The heat flow
curves were divided Lnto 1000 to 2 0 , 00 A, intervals depending
on the se of the curve. The theoretical loss was determined
at the average temperature of each interva!, using a spherical
diffusion model. This loss was summed over all intervals
to give the total loses. The lose for each interval tlowed
a curve similar to the temperature curve itself, i.e., maainum
loss occurred at the maximum temperature. Appreciable loss
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was confined to the time interval between 103 years and 10 5
years. The results of this integrated diffusion loss calcu-
lation are shown in Fig. 2' . It should be mentioned that
initial temperatures of 7000 C for the intrusive and 01 C
for the wall rook were used for these calculations. The
higher 8000 C temperature resulted in complete diffusion
loss for all distances.
These curves show that the relative distance interval
over which diffusion loss occurs is Arwersely proportional
to the activation energy for diffusion. Consider the Eldera
results, Pig1. 2, as an example. The loss of argon from
hornblende takes place over a very short distance, about
100 feet, whereas the loss of strontium from biotite occurs
over a distance at least five times that. This suggests a
very low activation energy for strontium in biotite. It also
suggests that the hornblende diffusion data of Appendix II
is in error. The activation energy measured there, 34 Keal,
is certainly much lower than that suggested by the Eldora
contact nuves. This indicates that the bulk of the argon
in hornblende is in a third position which was not detected
in the experiments, a position of much higher activation
energy. In additon to the shape of the diffusion loss curves,
which are a measure of relative activation energies, their
vertical displacement is a relabive measure of the diffusion
coefficients. An increase in D/a of about 10,000 will change
the diffusion lose from essentially zero to essentially 100%.
An increase of a factor of 20 will increase the loss from
25% to 915%.
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Consideration of the results from this onetact study, es-
pecially the indlation of a low activation energy for strontium in
biotite, has led to the foxmlation of a discordant-age model. It is
believed that ts model can explain in a general way the relationships
between mrny of the discordant age patterns which have been reported
in the literature.
The model is illustrated schematically in Fig. 27. The
lines represent the change of the diffusion parameter D/a2 of the
various daughter products with temperature. 7or minerals exposed to
the same time-temperature history, the relative daughter product dif-
fusion losoas will be proportional to the relative values of D/a2 .
The lines shown in Pig. 27 were positioned empirically accordin to
the discordant age paaterns observed from three types of geologic
environments. The temperature seals is arbitrary.
Coanider first the oldest stable shield areas which have
been maintained at some low temperature T, for long periods of time
(3xl09 yrs). K-Ar and Rb-Sr ages of biotites and hornblendes from
these areas freqaently show no loss of argon or strontium. The zir-
con lead ages on the other hand axr frequently discordant and have
been observed to lie on a 500 m.g. to 2600 m.y. chord on a "Concordia"
plot (Wetherill 1956b)* Tilton and Davis, 1960, have shown that
episodio loss due to a 500 m.y. event is not a unique interpretation
for this pattern. They suggest the more reasonable explanation of
continuaou diffusion loss of lead over the entire history of the
sample. Tilton recognized that this must infer a very low activation
energy for lead in zron. Por this first case, assumrng a time 0*
3x10 9 y's., a zero loss of argon and strontia, and a 50 loss of
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lead from zircon, the diffusion equation solutions of Fig. 8 can be
used to calculate values of D/a2 for strontium and argon in biotite,
and lead in zircon at a temperature 91*
The discordant age pattern exhibited by the contact samples
discussed earr was used to calculate D/a 2 values for the contact
metamorphic environment, T3 . For this case, a time of 10 yr. was
assumed. The contact ages indicated little loss of argon from horn-
blende, complete loss of argon from biotite, about 60 loss of stron-
tium from biotite, and little loss of lead from zircon (by analogy
with monazite).
An intermediate ease T2, corresponding to moderate regional
metamorphc temperatures, aided in politoning the empirical Curves of
Pig. 2, PFor this case the discor&nt age pattern observed at Sud-
bury, Ontario (Pairbairn, 1960) and at Devault, fa., (Tilton, personal
*oamunioatlon) was used . In these places the biotiteB show essentially
complete loss of strntium and little loss of argon during the meta-
morphic event. The hornblendes also show litie loss of argon. A
heating time of 107 yrs, was used for this case. In other regional
metamorphic terrains such as at Baltimore, Md. (Tilton, 1958b), the
b2otites show complete loss of argon and strontium while the zirons
show only slight (<10%) loss of lead. It is of interest to note that
the curves estimated ftom the above considerations are not in conflict
with the diffmion reult of Appendix II, with the exception of the
hornbloene d"AcrePnja ) as discased on page 198.
hlie art empirical approai h of this kind allows considoable
latitut in the positionrg of the various lines in Fig. 2T* it is
felt that this type of model provides a means for unifying many
seemingly unrelated discordant age patterns. It is obvious
that many deviations will occur, and a discordant age pattern will
not always fit the proposed model. The relationships shown in Fig. 27
2*3.
are unique only so long as the (a2 ) values of the minerals remain
in the given proportions* If, for example, the a2 value for horn-
blende deoreases, all others constant, hornblende night show partial
or complete loss in ease 3 (Oontact zones), eto. Since argon and
strontium in biotite presumably have the same 2 value, the ratio
of the strontium age to the biotite age is a atnotion of temperature
only. If this function could be quantitatively detelmined it would
provide a geologc thermometer which was independent of heating time
estimates. This model also suggests that there is no suah thing as
a "best" mineral for dating puipies. It would be of interest to
fit other minerals to this model, e.g., strontium in muscovite, feld-
spar and hornblende, argon in mulsovite and pl, lead in mona-
site, etc. Quantitative determinations of the seale of the tempera-
ture axis would lead to a much better understanding of Sneral meta-
morphic processes.
9. eolo i Age Patterns in Co__ lorado
The K-Ar age of 66t2 m.y. for the tim of alpai mt of
the Las tocks in the Front Range is believed to be the
first reliable measurament of this event. Nine pitchblendes
from aramide mineralization in the Front Range gave an average
age of 59*5, as dated by Ekelmana and anIp (1957). This would
sugest thatthat the ieralization in the ront Range followed the
porphyry belt intrusions by some few millions of years. In an
area such as this where the analytical errors are small in tezus
of absolute time, a careful study could yeild much useful intozua-
tion relating ,to the time sequence
2tA
of the intrusions, relationships of mineralization to the
intrusion cycle, and the presumed eastward progression of
activity during the Laramide.
RegardinZ the absolute time scale, andesitic pebbles
believed to have come from lavas erupted from the volcanic
throat of the Audubon stock are found at the base of the
Upper Cretaceous-Paleocene Denver Formation (Lovering et al.,
1950). A time of 66 m.y. then would fall somewhere in the
Upper Cretaceous or Paleocene. Evernden's time scale (Evernden,
1959) puta the base of the TetIary at 60 m.y.; Kulp's, and
Holmes' time scales put it at 70 m.y. (Hdmes, 1960). The
date of 66 m.y. then is not inconsistent with either time
scale, though it favors Evernden's.
About forty reliable analyses are reported in the
literature which relate to the Precambrian history of Colorado.
There is one grouping of ages at 1350 m.y., and another grouping
at 1050 m.y. The 1050 m.y. event seems to be restricted to an
area around Pikes Peak, and does not represent any major
batholithic emplacements. Many of the granit&e around Pikes
Peak which show ages of 1000 to 1100 rm.y. are correlated by
Lovering and Goddard (1950) as being older than the Silver
Plume granite. The Silver Plume granite shows an age of 1350
m.y. to the north of Pikes Peak, indicating the 1000 m.y.
ages around Pikes Peak to be metamorphic ages only. The 1350
m.y. event may represent the true age of the extensive granitic
batholiths or it nmay also indicate only a metamorphic age.
Gast (1960) measured a whole rock Rb-Sr age of 1500 m.y.
on the Q artz Creek granite, Gunnison, Colorado. Zircon
fromr the Quartz Creek granite gave a discordant Pb207-Pb2 0 6
age of 1700 m.y. (Aldrich et al., 1956a). Apatite from a
granite at Uncompahgre, Colorado gave a discordant Pb2 0 7 -
Pb20 6 age of 1810 m.y. (ALdrich et al., 1955). There is then
some evidence which indicates that the true age of the Pre-
cambrian granites may be 1600 to 1700 m.y. The biotite
argon age of 970 m.y. determined here on sample 4088,
Idaho Springs formation, is certahly a metamorphic age, as
is the 1160 m.y. hornblende argon age on samples C134A and
C248A, Idaho Springs fo.natio.
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